

  energies-12-03300




energies-12-03300







Energies 2019, 12(17), 3300; doi:10.3390/en12173300




Article



A Novel Design Concept of Electromagnetic Valve Actuator with High Starting Force



Tomaž Munih 1,2, Damijan Miljavec 1 and Selma Čorović 1,*





1



Laboratory of Electrical Machines, Faculty of Electrical Engineering, University of Ljubljana, Tržaška 25, SI1000 Ljubljana, Slovenia






2



Iskra-Mehanizmi, Lipnica 8, SI4245 Kropa, Slovenia









*



Correspondence: selma.corovic@fe.uni-lj.si







Received: 1 July 2019 / Accepted: 21 August 2019 / Published: 27 August 2019



Abstract

:

In this study, a novel design concept of magnet-less, high response time electromagnetic valve actuator with high starting force for independent valve actuation control of internal combustion engines is proposed. The new actuator geometry design is based on the theoretical analysis of electromagnetic and mechanical properties of a curve shaped object rolling on a fixed surface, which may be either flat or curved. The prototype of the new electromagnetic valve actuator was built according to the results that were obtained with finite element based numerical modelling and analysis. Finally, the experimental measurements are performed and the theoretical predictions were confirmed by obtaining good agreement between the experimental and numerical simulation results.
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1. Introduction


The current energy conversion technology of the internal combustion engines (ICE) is mainly based on the camshaft driven valve-train systems [1], which are extremely well developed and tested, cost-effective, and have a simple and robust design [1]. However, the main drawback of the conventional valve-train systems is that it does not allow for fully independent control of each individual valve [1,2,3,4,5]. Numerous solutions have been proposed in order to address this issue, including fully independent electromagnetic, hydraulic, and pneumatic actuation systems (i.e., cam-less driven valves) [5]. Namely, finding the appropriate solution for the independent valve actuation system would significantly contribute to the improvement of the performance, energy conversion and utilization of the existing conventional ICE (gasoline and diesel engines) and facilitate the fulfilment of the requirements defined by new environmental regulations [6]. In addition, it would enable further development and the introduction to the market of novel ICE engine operation mode, such as pneumatic hybrid [7], homogeneous charge compression ignition (HCCI) combustion [8,9], and 2/4 stroke operation mode [10], which have already been scientifically evaluated.



Promising candidates for fully independent valve system are electromagnetic based valve actuators [2,3,4]. Most popular among the proposed electromagnetic valve actuation solutions is the Pischinger EMV system [5,11]. The later versions of the valve actuator systems were upgraded with a permanent magnet core [2,3,4]. In addition to this system, there are many other electromechanical solutions and most of them have integrated permanent magnets [11,12]. However, the actuators having permanent magnets are expensive and they may be problematic when used in harsh physical environments with extremely high or low temperatures [13] as well as humidity and vibrations.



Another important challenge of the conventional ICE engine technology is finding an adequate valve timing optimization solution for better fuel economy and the efficient reduction of pollutant emissions [14,15]. This challenge in independent ICE valve electromagnetic control is being approached by developing an electromagnetic valve actuator design with an appropriate force-stroke characteristic, which would enable a high level of flexibility in valve timing control and lifting [2,5]. However, so far finding an appropriate solution for successful electromagnetic valve timing control has been a demanding task due to the pronounced nonlinearity of the force stroke characteristic and high landing velocity [2,4,11,12,16,17,18,19,20].



The primary goal of this study was to propose a novel design concept of magnet-less electromagnetic valve actuator with very short time response and high starting force characteristics for independent valve actuation control of internal combustion engines in order to enable more efficient energy conversion and to enhance the reliability of the whole system Moreover, the actuator should be able to stop or start the valve from any position. First, the novel design concept was established based on analytical analysis and further on confirmed by two-dimensional (2D) and three-dimensional (3D) finite element based numerical modelling and analysis. Second, the prototype of the new electromagnetic valve actuator was built and experimentally tested. Finally, the experimental measurements and numerical results were successfully compared. The proposed actuator can be also used in other fields of interest (e.g., cryogenic systems, systems in harsh physical conditions, etc.).




2. Theoretical Background and Overview of the Existing Electromagnetic Valve Actuators


Figure 1a illustrates the working principles of the conventional electromagnetic valve actuators (without permanent magnets). Depending on the electric current based magnetic flux density component that was used for the actuation, the conventional electromagnetic actuators can be classified, as follows: Type 1—based on the normal component of the magnetic flux density in the air-gap (Figure 1a); Type 2—based on the tangential component of the magnetic flux density in the air-gap (Figure 1a); and, Type 3—based on the combination of the Type1 and Type 2, where the air-gap surface is increased, but the acting force is still produced by the y-component of the normal component of the magnetic field density in the air-gap (Figure 1a). The comparison of the force-displacement curve shapes that were empirically obtained with the three different types of actuators is illustrated in Figure 1b.



Figure 1b shows that the force obtained with the actuator Type 1 is the highest at the end of the actuator displacement/stroke [13,14], however a very small force is produced at the beginning of stroke, when the highest force is needed for the ICE valve opening. The Type 2 actuator provides a more convenient force-displacement curve shape since it has higher force within the start, however its force at the end of the stroke is significantly smaller when compared to the force that was obtained with the Type 1 actuator. The force-stroke curve shape of actuator Type 1 can be modified to a new force-displacement shape curve by using Type 3 actuator (Figure 1a, Type 3), provided that the core pole shapes and the geometry of the air gap are properly designed [15,16,21]. Namely, the modification of the core pole shapes of the Type 3 actuator leads to a more flattened or constant force-displacement curve (Figure 1b, Type 3). However, the maximum output force that was obtained with the actuator Type 3 is much lower towards the opening displacement region when compared to the Type 1 (Figure 1b).



Therefore, the main disadvantage of all three above described actuator principles is the lack of the desired starting force intensity (i.e., indicated as the start region in Figure 1b), where the highest possible output force is needed in order to efficiently open the ICE valve. Figure 1b illustrates the theoretically ideal operating area of the ICE valve actuator (i.e., ideal force displacement curve represented with the dashed line). A high starting force is needed to overcome the pressure in the cylinder and for the acceleration of moving masses (Figure 1b, dark grey area). After the pressure equilibrium is achieved on both sides of the valve, the required force is only needed for the acceleration of the moving masses, so the required force can be reduced (Figure 1b, light grey area).



Based on the Maxwell stress tensor theory (1) and (2)), the Type 1 actuator uses the normal force component, while the Type 2 actuator uses the tangential force component on the moving part. The magnetic force (i.e., magnetic pressure acting on active surface A) components in vertical (normal) Fy and horizontal (tangential) direction Fx can be expressed with vertical (normal) By and horizontal (tangential) Bx components of magnetic flux densities (Figure 1a) from the central line of the air gap.


   F y  =  A  2  μ 0     (   B y    2  −  B x    2   )  ,  



(1)






   F x  =  A   μ 0     B y   B x  ,  



(2)







It is well known that the normal component of magnetic flux density in the closed proximity of the ferromagnetic object is few times larger than the tangential component (based on the general magnetic circuit design knowledge, e.g., electrical machines). When considering this statement and, based on (1) and (2), it can be explained why the magnetic force that was obtained with Type 1 actuator is much larger than the useful magnetic force obtained with actuator Type 2 or Type 3. Accordingly, we can deduce that the air gap must be as small as possible within all moving operational positions to achieve the maximal magnetic pressure.



As stated above, the existing electromagnetic valve actuators due to the low starting force do not meet the requirements for the valve control of ICE, which requires rapid valve open–close transitions (i.e., when great accelerations and decelerations during valve opening and closing occur). The accelerations and decelerations, together with the moving mass of the actuator mover and valve itself, require a large starting force of the actuator. In addition, the high starting force at beginning of opening stroke (Start Region in Figure 1b) is also needed to overcome the build-up pressure in ICE cylinder that is caused by remnant gases. Some existing conventional electromagnetic actuators solutions, such as Pischinger EMV system, try to accumulate or regenerate energy with springs. The problems of such systems are difficult starting procedure and week control between end positions [2,5]. Additionally, during the normal operation, the valve can stop only in fully open or fully closed position. In this study we propose a new concept of actuator geometric design without permanent magnets, with high starting force and with ability to start from and stop at any required position in order to overcome the listed drawbacks of the existing conventional electromagnetic actuators.




3. The Concept of the New Actuator Geometric Design


The concept of the new actuator was based on designing a proper actuator geometry being able to produce a high starting force (Start region in Figure 1b) and by using the normal component of magnetic flux density. The new actuator geometry design is based on the theoretical analysis of the electromagnetic and mechanical properties of a circle shaped object moving/rolling on a fixed (not moving) surface, which may be either flat or curved. The moving object represents the mover of the actuator and the fixed object presents the stator with the source of magnetic flux density, as illustrated in Figure 2a,b,d.



The source of the magnetic flux density at the stator can be realized either by moving permanent magnet (as illustrated in Figure 2a,b, where stator should not be a ferromagnetic), or by fixed electromagnets on the stator side in form of magnetic poles (as illustrated in Figure 2d). Figure 2a illustrates the basic principle of the mover movement on a flat surface of the stator produced by moving a permanent magnet (PM in Figure 2b). At the initial position of the magnet (Figure 2a), the contact point between the stator and the mover is indicated with T0. At this position there is point M on the mover, at which the normal component of the magnetic flux density By is significantly larger than the horizontal component Bx and accordingly the vertical component of magnetic force (calculated from the magnetic force according to the (1) and (2) is Fy >> Fx.



Basically, the mechanical movement of the mover is created according to the first class lever principle, as shown in Figure 2c, where the contact point T0 between the stator and the mover represents the fulcrum (i.e., pivot point) moving from the point V up to the point M, the effort force is the electromagnetic force Fy (i.e., input or effort force) and the resistance is the load force Fy’ (i.e., output or load force). The fulcrum location determines the mechanical advantage of the lever, which is determined by dividing the distance from the fulcrum to the input or the effort force Fy (i.e., input arm lM) by the distance from the fulcrum to the output or load force Fy’ (i.e., output arm lV). Namely, the mechanical advantage lV/lM and the input vs. output force Fy/Fy’ ratio vary according to the basic equilibrium equation    l V  ·   F ⇀  y    ′  =  l M  ·  (  −   F ⇀  y   )   . Hence, the following mechanical advantages during the actuator mover movement are possible: lV/lM < 1 (i.e., Fy’ > Fy), lV/lM = 1 (Fy’ = Fy—initial mover position |M’T0|=|T0M| illustrated in Figure 3a) and lV/lM > 1 (i.e., Fy’ < Fy—the new mover position |M’’T0|>|T0M| illustrated in Figure 2b).



Accordingly, a much larger force component in vertical direction Fy’ as compared to the horizontal component Fx’ is achieved due to the small air gap between the stator and the point M on the mover (Figure 2a). The source of magnetic field needs to be moved towards the mover rolling direction in order to achieve the desired moving effect and thus to produce the actuator stroke/displacement. As illustrated in Figure 2a, when the permanent magnet is moved in clockwise direction (to its new M position in Figure 2b), the initial point M from the initial position (in Figure 2a) touches the stator surface at the new point T0 (in Figure 2b). Accordingly, the initial point M’ renames to the point M’’ and the initial point T0 renames to the new point M’.



As stated above, the effect of the moving permanent magnet on the stator is replaced by the static (not moving) electromagnets that are designed as separate coils forming electromagnetic poles (EM poles) on the stator (i.e., five EM poles illustrated in Figure 2d). In this case, the movement of the mover can be obtained by the proper sequence of the electromagnetic pole excitation from the coil 1 to 5 (Figure 2d). Figure 2d represents the state of forces when the EM poles from 2 to 5 are energized.



At the starting position of the mover the valve is closed which is illustrated with the contact point T0 between the stator and the mover (T0 above the phase 1 in Figure 2d). The point V on the armature is also the mounting point of the valve V. As the mover starts to move/roll, due to the suppressed current in the coil 2 (Figure 2d) in clock wise direction the contact point T0 moves to the right along the stator surface. The valve mounting point V mainly moves in the vertical direction, away from the flat stator surface, and thus generates the effective stroke/displacement of the actuator. When the coils of the EM poles 2, 3, 4, and 5 are consequently electrically excited, the acting force on the mover above each stator pole is produced (FM2, FM3, FM4 and FM5). The value of the electromagnetic force above each pole depends on its current excitation and the size of air gap between each stator pole and the mover. At the starting position, the stator coils from 2 to 5 can be simultaneously electrically excited or in sequences starting from coil 2 and coil 3, followed by the excitation of the coil 3 and coil 4, and finally by the coil 4 and the coil 5. In conclusion, different combinations of coil excitations can be applied in order to obtain the desired actuator displacement. It should be noted that, in all cases, when the moving point T0 reaches the electrically excited pole’s symmetry, the current through pole’s coil must be deactivated (this is valid also for the case of coil excitation in the counter clock wise rolling direction). In this way, the resultant cumulative acting magnetic force Fy only in vertical (y) direction is obtained (FM2, FM3, FM4, and FM5, Figure 2d) while maintaining the air-gap small as possible in all active positions.



In addition to the actuator geometry that was introduced in Figure 2d (i.e., as the circle shaped mover rolling on a flat surface stator geometry), the stator and rotor can theoretically have an arbitrary geometry. Therefore, in this study, we analyzed and compared different combinations of stator and rotor geometries with the goal to design an actuator (Figure 2d) with the smallest possible dimensions meeting the requirements, such as high starting force and the target actuator displacements ranging from 0 mm to 5 mm.



We analytically analyzed and compared different mover geometries versus stator geometry combination by varying different mover curvatures and curvatures of the stator geometry, ranging from the flat stator surface (stator radius Rs = ∞) up to the curved stator surface (with different radii Rs).



The comparison of actuators with different mover geometries (with different mover radii rA) rolling on flat stator surface (Rs = ∞) resulting in the same displacement d is shown in Figure 3a. Based on this comparison it can be observed that with increasing the radius of the mover the dimensions of the whole actuator are also increasing while preserving the displacement d. Figure 3a also shows different moving trajectories of the mover, depending on its arc radius. The goal is to achieve as minimal as possible mounting point V movement in x-direction and desired y-movement (stroke length) while also maximizing the electromagnetic force at the valve mounting point describing the cycloid trajectories on Figure 3a). For example, a smaller mover arc radius means larger valve mounting the point movement in horizontal direction (i.e., x direction), which is not desired. This means that the overall actuator dimensions and the active air gap using the curvature geometries that are presented in Figure 3b can be smaller, as compared to the curvature geometry designs that are shown in Figure 3a for the same displacement/stroke (d).



In addition, according to the upper description, the highest starting force is expected for the curvature geometries that are shown in Figure 3b for the same actuator size. Moreover, a straighter valve mounting point movement is enabled. The comparison of cycloid (doted) and hypocycloid trajectories (dashed) that was obtained from same starting point is shown in Figure 3c,d respectively. Therefore, the novel design concept of electromagnetic valve actuator is based on the geometry of curved mover rolling on the curved stator surface (Figure 3b) forming hypocycloid trajectories.




4. Numerical Modelling


The numerical model and the prototyped actuator geometry that we developed and realized in this study are based on the preliminary analytical results of the mover and the stator rolling surface curvature. In order to optimize the actuator, we performed numerical modelling by using finite element modelling (FEM) approach. The 3D initial geometry of the valve actuator model with main geometric parameters (stator and mover length L, stator height Hs, stator width Ws, mover width Wa and mover height Ha) is displayed in XY and YZ cross section view in Figure 4a. Based on this model, we performed parametric analysis and optimization by varying the stator and rotor geometric parameters. The parametric analysis was carried out by rocking the mover in increments of 1 degree on the stator surface during the actuation cycle (i.e., from the opening to the closing of the actuator). For each resulting actuator geometry, we calculated and analyzed the magnetic flux density distribution B within the actuator and the resulting electromagnetic output force F by performing magneto-static analysis. The final geometry was achieved when the target actuator displacements that ranged from 0 mm to 5 mm was obtained based on analytical analyses (Figure 3), and when the highest possible electromagnetic force at the beginning of the actuation cycle was produced with the optimal magnetic flux density distribution by applying FEM. The resulting radius of the mover curvature was rA = 102.8 mm and the stator radius curvature was Rs = 137.51 mm. The resulting geometry with the geometry parameters that are given in Table 1 was selected as final geometry for the new actuator prototyping and experimental work.



The ferromagnetic material M350-35A was applied for both the stator and the mover core. The actuator was surrounded by a large air region with the applied Dirichlet boundary condition on its outer surface. The applied current I for each energized coil was limited by the current density set to 4 A/mm2. Different combinations of simultaneously energized phases were analyzed. The coils of each phase were wounded with cooper wire, with diameter 1.3 mm and N = 28 turns. The slot cross section surface was 181 mm2.




5. Experimental Measurements


Two sets of experimental measurements were performed: multi-static and dynamic. Within the first part of the experimental study, the multi-static measurement was performed in order to acquire the characteristics of force versus displacement during one actuation cycle (from opening to closing) of the prototyped actuator.



The multi-static experimental force measurements were performed with a PC controlled motorized test stand with ±5000 N load cell.



The actuator displacement was controlled with the motorized test stand system achieving quasi static states (no transients) and the force was measured during the entire opening-closing cycle of the actuator (i.e., the force was measured for the displacements that ranged from the initial/closed position up to the maximum displacement and back to the initial position of the actuator). During the measurement, the active coils were connected in series and energized (i.e., excited with the current supply) in four different coil combinations: Combination 1—active coils were 2, 3, 4, and 5; Combination 2—active coils were 3, 4, and 5; Combination 3—active coils were 4 and 5; and, Combination 4—only coil 5 was active.



Since the multi-static experimental set up does not enable the dynamic assessment of the actual initial starting force Fy the dynamic measurements procedure was performed. Additional dynamic measurements were performed with the Triaxial Accelerometer (DeltaTron®, Bruel & Kjaer). The data acquisition was performed with a high speed USB National Instruments carrier interface. The standard Kalman filter was applied to process the experimentally measured data of accelerations. The accelerations data were converted into the force Fy, according to the second Newton’s law    F ⇀  = m  a ⇀   , where the valve system friction was neglected. The total mass of the valve and its mounting part was m = 0.201 kg. At the beginning of each measurement, the sensor was zeroed with respect to the gravitational force. During the measurement the mover was positioned so that the gravitational force acted in the opposite direction with respect to the produced force, meaning that the measured forces were not over valuated. Therefore, the influences of the gravitational force were neglected due to the expected high starting forces.




6. Results and Discussion


The comparison of experimentally measured (i.e., by performing multi-static measurements) and the numerically calculated electromagnetic force (Fy) as a function of the actuator displacement (d) for different combinations of coil activations is shown in Figure 5 The comparison of F(d) characteristics that were obtained with simultaneous activation of the coils 2, 3, 4, and 5 is shown in Figure 5a, and the Figure 5b shows the results obtained with activation of for the coils 3, 4, and 5. Figure 5c shows the results obtained with simultaneous activation of the coils 4 and 5, while the Figure 5d shows the results obtained by the activation of the coil 5 only. The results that are shown in Figure 5 are obtained with the DC current I = 25 A applied to the selected active coil combinations. In all numerical simulations the number of coil turns was N = 28 for each pole (note: the values of I = 25 A and N = 28 are calculated according to the required current density, the slot surface Aslot = 181 mm2, and the slot fill factor kcu = 0.4).



One of the main advantages of the developed actuator is that the desired force-displacement characteristic F(d) can be designed/shaped by combining different coil activation (i.e., by switching on and off the coils of the five actuator phases). The resulting force-displacement characteristic (grey curve) that was obtained with different coil combinations is shown in Figure 6a. The first part of the calculated curve (within the displacement range (0 < d < 0.33 mm) represents the resulting actuator force of 1850 N that was obtained by simultaneous activation of the coils 2, 3, 4, and 5. At the intersection of this F(d) curve and the F(d) curve obtained as a result of activation of the coils 3, 4, and 5 (the switching point S2 in Figure 6) the coil 2 should be deactivated (note: if the coil 2 is not deactivated the significant breaking force acting on the actuator mover may occur). Further, at the intersection point (the switching point S3 in Figure 6) of the F(d) curve obtained with the activation of the coils 3, 4, and 5 and the activation the coils 4 and 5 the phase 3 must be deactivated. Finally, at the switching point S4 where the F(d) curves that were obtained with the simultaneous activation of the coils 4 and 5 and the coil 5 only intersect, the coil 4 should be deactivated. Figure 6b shows the zoomed F(d) characteristic for the coil switching S3 and S4, where the actuator displacements from d = 1.7 mm up to d = 5 mm (i.e., which is the closing position of the actuator with F = 0 N) were obtained in order to more clearly provide the obtained values of electromagnetic forces within this area. The force that was obtained at d = 1.7 mm was F = 72 N (the switching point S3) and the force obtained at d = 4.15 mm (the switching point S4) was F = 10 N.



The normalized distribution of the magnetic flux density vectors in the XY cross section plain of the numerical model that was obtained at the characteristic coil switching points (i.e., actuator displacements) is shown in Figure 7. The numerically calculated magnetic pressure (N/m2) distribution in the XY cross section view and the actuator displacements obtained at four different characteristic coil switching points S1, S2, S3, and S4 are shown in Figure 8 for each of the coil combination. The results in the Figure 7a show that the majority of magnetic flux density B obtained within the ferromagnetic material at the switching point position S1 with the energized coil Combination 1 is acting in front of the point S1 mainly on the EM pole 2 producing the valve opening force (Figure 8a). Similarly, the same effect is observed for the switching points S2 (Figure 7b and Figure 8b), S3 (Figure 7c and Figure 8c), and S4 (Figure 7d and Figure 8d). Accordingly, the results in Figure 8 demonstrate that the largest surface force is produced in the area where the largest B was obtained: phase 2—Figure 8a, phase 3—Figure 8b, phase 4—the Figure 8c, and phase 5—Figure 8d.



The normalized surface forces in Figure 8b,c are higher than in the position shown in Figure 8a, while the actual valve force is decreasing (Figure 8) from position in Figure 8a to the final position Figure 8d. This is due to the lever ratio (Figure 2c) changing during rocking.



Figure 5 and Figure 6 show good agreement between multi-static measurements and the numerical magneto-static calculation obtained for displacements d > 0.33 mm up to the closing of the actuator d = 5 mm where F = 0 N. However, a large deviation between the calculated and measured results of the starting force is observed within the actuator opening stage for the displacements 0 mm < d < 0.33 mm (Figure 6—displacements obtained by energizing the coils of the EM poles 2, 3, 4, and 5). This problem can be attributed to the effects of the strong electromagnetic forces occurring during the experimental measurements. Namely, when the current excitation was applied to the selected coil combination (2, 3, 4, and 5), an undesirable/unexpected mechanical deformation of the connecting components mainly the between mover and the cradle/housing system was observed, as shown in Figure 9a—exploded view of the prototyped actuator and in Figure 9b—the actuator and its cradles/housing during the experimental measurement. Instead of being transferred to the measuring sensor, the resulting force was redirected to the cradle/housing system, causing a pronounced deformation. Due to this problem we were not able to experimentally detect the actual response of the actuator by performing multi-static measurements.



Therefore, the dynamic response of the actuator was experimentally measured in order to more precisely acquire the actual force signal within the initial stage of the actuator opening. The dynamic measurements were performed with an accelerometer sensor in order to adapt the experimental set-up measurement system to the characteristics the actuator and to more precisely simulate the realistic behaviour of the prototyped actuator. Hence, such adapted dynamic measurement set up enabled us to more precisely detect the actual resulting starting force of the valve before it was transferred to the deformation of the cradle/housing system during the experiments (Figure 9). We mounted the actuator to the one of the valves on the single cylinder internal combustion engine in order to perform the measurements as accurately as possible. The accelerometer was positioned on the connecting element between the mover and the valve system (as shown in Figure 9c). The maximum upper limit of the measurements range of the used accelerometer sensor was 500 G. The acquired signal profile of the time response of the actuator acceleration that was first processed by using standard Kalman filter is displayed in Figure 10.



The zoomed area of the acceleration profile that is shown in Figure 10 indicates that the initial measured acceleration was above the accelerometer range, which means that the actual acceleration during the experiments clearly exceeded the maximum value of 500 G. The experimental results are shown for the actuator accelerations that were obtained with the Combination 1 (active coils 2, 3, 4, and 5), Combination 2 (active coils 3, 4, and 5), and Combination 3 (active coils 4 and 5). The last case when only the phase 5 was active is not shown due to the fact that a very small force was produced, due to a very large air gap forming below the pole 5 within the starting position of the mover.



The measured data of the acceleration shown in Figure 10 are then converted into force F(t) signal according to the second Newton law, where the valve stem friction was neglected. Figure 11 displays the obtained results of the force. As shown in the Figure 11, the maximum displayed starting force was around 1000 N. However, it should be noted that the actual starting forces even exceeded the value of F = 1000 N, due to the fact that higher accelerations exceeding the maximum range of the accelerometer 500 G occurred during the experiment, as shown in the Figure 10 (the zoomed area of the acceleration signal).



From Figure 11 it can be seen that the actuator achieves the starting force F = 1000 N in t = 80 µs at any coil excitation Combination. In the middle of valve opening cycle, with coil excitation Combination 1 and Combination 2, noticeable breaking forces are observed (Figure 11). The strongest breaking force is obtained with coil Combination 1. Thus, the valve stops without impact. With coil Combination 2, the valve impact is somewhat delayed (i.e., longer travel duration due to the breaking forces), and it is not so intensive as with excitation Combination 3. There is no breaking observed with excitation Combination 3, the valve impact occurs at the end of the stroke in the shortest time and it is the most intensive. The first impact (in Combination 3) is followed by a large valve bouncing. This can be explained through Figure 5a–c, where zero force crossing depends on excitation Combination, therefore the breaking occurs at a different displacement. As a result of energized Combination 1, the breaking occurs after 2 mm of displacement, while at Combination 2, breaking occurs after 3 mm, and with energized Combination 3, the breaking appears after 4 mm of displacement. During the mover rocking movement progress the mover barycentre is changing, which results in an increasing of active inertia. The accumulating force is adding to the acting electromagnetic accelerating force obtained with Combination 3, which results in higher accelerations and in higher decelerations during the impact.



By performing these dynamic measurements, we were able to more precisely detect the actual higher values of the starting forces. Based on this, we explained the deviation between calculated and measured values that were obtained with multi-static measurements shown in Figure 5. Therefore, we confirmed the occurrence of the high starting force observed almost in all calculated force-displacements F(d) characteristics by using numerical magneto-static analysis.



Within the final part of this study, we numerically examined the influence of the number of coil turns N on the resulting F(d) characteristics by using magneto-static analysis. The coil turn number analysis was based on the fact that the electric time constant of the actuator still remains several times lower than its mechanical time constant. This means that an increase in coil number will not influence the actuator time response and it would increase the starting mechanical force response of the actuator. Therefore, we increased the number of coil turns by taking into account the most common standard automotive specifications for engine compartment components, which dictate the thermal operating conditions in the range from −40 °C to +140 °C and the supply voltage conditions from 9 V to 16 V. By considering these specifications, the mechanical time constant and the available winding space, we selected the windings with thinner wire and increased the number of coil turns to N = 91 turns (other parameters of the actuator were not modified). In this case, at the most demanding working point at +140 °C and 9 V we can still get currents 25 A (that results in 2275 Ampere-turns). The resulted F(d) characteristic that was obtained with an increased number of turns is shown in Figure 12. The increase in number of turns from N = 28 to N = 91 resulted in approximately three times higher output electromagnetic force (i.e., F = 7000 N in Figure 12a) as compared to the force that was obtained with N = 28 with the same supply current I = 25 A, as shown in Figure 5.




7. Conclusions


In this work, a novel design concept of electromagnetic valve actuator with high starting force for independent valve actuation control of internal combustion engines is proposed. The design concept of electromagnetic valve actuator that is presented in this study is based on the geometry of curved mover rolling on the curved stator surface forming hypocycloid trajectories with minimum deviation in useless horizontal displacement.



Based on the finite element numerical analysis, we successfully calculated/optimized the final actuator design that is used for the prototyping. Finally, the proposed novel design concept of the new electromagnetic actuator is experimentally confirmed by a good agreement between the experimental and numerical results. To the best of the author knowledge, this is the first study to propose the design concept of an electromagnetic valve actuator being able to produce the experimentally confirmed starting force up to 1000 N (at given actuator volume and current) and with numerically calculated capability to develop more than 7000 N.



Other important advantages of the novel actuator as compared to the existing electromagnetic actuators that are available in industry and research domains include cost effectiveness due to the absence of permanent magnets, relatively small dimensions, and high reactions speed. The actuator also allows for different force vs. displacement characteristics being controlled by switching/energizing different coil or coil combinations.
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Figure 1. (a) Conventional electromagnetic valve actuators. (b) The comparison of the force-displacement curve shapes obtained with three different types of actuators Type 1, Type 2, and Type 3 with the ideal one (within Ideal operating area-grey area, ideal force-displacement curve-dashed line). 
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Figure 2. (a) The actuator displacement d0 at the initial position of the mover, (b) a new position of the mover due to the movement of the permanent magnet PM with increased displacement d1 in y-direction (d0 > d1), (c) illustration of the first class lever mechanical advantage and (d) illustration of the mover over a fixed stator with five coils on teeth (only one energized) forming electromagnetic poles (EM poles). 
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Figure 3. Comparison of different actuator rolling surface geometries at the same scale resulting in the same actuator displacement/stroke: (a) actuators with different mover radii rA rolling on flat stator surface (Rs = ∞); (b) actuators with different mover radii rA rolling on curved stator surface with different Rs and (c) the comparison of cycloid (doted); and, (d) hypocycloid trajectories (dashed) obtained from same starting point due to different stator and mover radii. 
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Figure 4. (a) The three-dimensional (3D) geometry of the valve actuator and (b) XY and YZ cross section view with five poles with the indicated geometrical parameters. 
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Figure 5. The comparison of experimentally measured (multi-static) and the numerically calculated magneto-static force obtained with different combinations of coil activation: (a) Combination 1, (b) Combination 2, (c) Combination 3, and (d) Combination 4. 
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Figure 6. The resulting multi-static force-displacement F(d) characteristic obtained with different combinations of coil activations (a) F(d) during the entire actuation cycle and (b) zoomed F(d) for the displacements obtained with simultaneous activation of coils 4 and 5 and with activation of the coil 5 only. 
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Figure 7. The normalized distribution of the magnetic flux density vectors: (a) S1, (b) S2, (c) S3, and (d) S4. 
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Figure 8. The numerically calculated and normalized surface force (N/m2) distribution (XY cross section) at the characteristic coil switching points: (a) S1, (b) S2, (c) S3, and (d) S4. 
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Figure 9. (a) The exploded view of the prototyped actuator composed of the following components: 1. stator, 2. mover, 3. coil winding (on the stator poles), 4. stator cradle (stationary component), 5. mover cradle (movable–rolling component) and 6. output component (the connecting part to the valve); (b) actuator and its cradles/housing during the experimental force measurements; and, (c) the actuator mounted on the valve of single cylinder engine with the accelerometer. 
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Figure 10. The measured time profile of the actuator acceleration acquired by performing dynamic measurement. 
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Figure 11. The comparison of the measured forces during the actuator stroke obtained with different excitation combinations. 
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Figure 12. F(d) characteristics obtained with 2275 ampere-turns. The F(d) characteristics are displayed: (a) for the initial part of the actuation cycle from 0mm up to 0.5 mm, (b) for the rest of the actuation cycle—for the displacements 0.5mm < d < 5 mm. 
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Table 1. The calculated geometrical parameters of the final actuator geometry used for prototyping and experimental work.
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	Parameter
	Description
	Value (mm)





	Ws
	Stator width
	146



	Hs
	Stator height
	38



	L
	Stator and mover length
	30



	Wa
	Mover width
	115



	Ha
	Mover height
	28.5
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