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ABSTRACT Valve actuation parameters like lift, opening and closing times affect performance and emissions of an engine. In this work, a new hydraulic variable valve actuation (VVA) concept is explained, simulated and analyzed using MATLAB. The system applies differential hydraulic pressure on two sides of a piston to open the inlet valve. A system of orifices, one of fixed diameter and the other of variable diameter is used to control the differential pressure. Some of the key parameters, which affect the performance of the system, are fluid supply pressure, damping, orifice diameters, displacement of the plunger controlling the orifice and the spring stiffnesses. The variation of parameters like the plunger movement, inlet and exit areas in a certain way was found to reduce the response time as well as increase the lift. It was also observed that the valve lift could be varied from 3.5 mm to 8 mm by just a 1.5 mm movement of the solenoid actuator. This makes the system extremely suitable for present day high speed engines. Also the valve seating velocities obtained were low, thus proving to be a good design.



INTRODUCTION Due to the increasing number of automobiles, pollution has become a problem. Also, the engine performance expected by the customer for various operating conditions is also quite demanding. To achieve good engine performance as well as low emission levels, it is desirable to operate the engine at its optimum at every thermodynamic condition. One such method of optimizing the engine is by using the concept of Variable Valve Actuation (VVA). Valve events critically affect engine performance and fuel economy. In Variable Valve Actuation, unlike conventional engines with fixed valve operation using cams, the valves are opened and closed at different times depending on the operating condition of the engine. A change in the intake valve lift is also desirable



due to aerodynamic considerations in high speed engines. Several comprehensive overviews of the present and historical attempts to incorporate the Variable Valve Timing (VVT), VVA concept in automotive engines are reported in literature [1 – 4]. Contemporary automobiles with VVA use mechanical actuation with different cams for different ranges of speeds [5 & 6]. Such systems do not permit complete flexibility of valve timings at all operating conditions. Different types of mechanical actuation systems have been presented in literature [7 - 9]. Some engines have also been fitted with electrical, pneumatic and mechanical-hydraulic [10 & 11] actuators. Almost all hydraulic actuators use conventional feed back control to achieve acceptable kinematics of the valve. In this work, a system is proposed, that doesn’t require any external control of the valve’s kinematics. The system has good, smoothly controlled lift and lowseating velocities. The advantage of the system is that it can be controlled electronically to obtain variations in lift and valve timings. This opens the door for superior performance of the engine, something which mechanical valve actuation systems cannot easily achieve. Besides being capable of achieving the optimum valve synchronization through computer control, the system can also control the engine charge without the use of a throttling valve, by closing the intake valve before its usual timing. This charge controlling method significantly reduces the negative work in the pumping portion of the partial-load indicator diagram of the SI engine. This provides a fuel economy of 5-10% with intermediate load [10 & 11]. Some of the other advantages of Variable Valve Actuation are Active Charge control and Exhaust Gas Recirculation. It will also help in controlling the stratification of charge in Gasoline Direct Injection (GDI) engines and the Start of Combustion (SOC) in HCCI engines.



α – Semi-angle of the cone of the exit orifice, degrees



NOMENCLATURE Pin – Pressure in the inlet manifold, N/m2



r – Radius of the ball of the solenoid actuator, m



ρair - Density of air, kg/m3



x – Movement of the solenoid actuator, m



vin – Velocity of air in the intake manifold, m/s



Ae – Area of the exit orifice, m2
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Ain – Intake valve area in the intake manifold, m2 B
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The decisive influence of valve synchronization on engine performance has been extensively published in literature [13 - 18]. Optimum valve opening and closing times were derived and a theoretical explanation of the effects of valve timing on the engine indicator diagram has been discussed extensively [12].



y - Displacement of the piston, m y& - Velocity of the piston, m/s &y& - Acceleration of the piston, m/s2 P
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The optimal Intake Valve Opening (IVO) time for maximum volumetric efficiency was derived as the instant at which the stagnation pressure in the intake manifold just exceeds the cylinder pressure [12]. i.e.



ps – Supply pressure of the hydraulic fluid, N/m2 B
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As – Area of the piston in chamber A, m2 B
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c1 – Discharge coefficient of orifice 1 B



Pin +ρ air (
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A1 – Area of orifice 1, m2 B
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Ap – Step area, m2 B
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Pin + ρ air (
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A2 – Area of the exit orifice, m2 B
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ρ – Density of the hydraulic fluid, kg/m3 P



P



m – Mass of the valve, kg g – Acceleration due to gravity, m/s2 P



P



k1 – Stiffness of the top spring, N/m B



B



k2 – Stiffness of the bottom spring, N/m B



v in2 ) ≤ Pcyl 2



P



p0 – Atmospheric pressure, N/m2 B



The optimal Intake Valve Closing (IVC) time is the instant at which the intake manifold pressure falls just below the cylinder pressure. i.e.
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c2 – Discharge coefficient of orifice 2 B



vin2 ) ≥ Pcyl 2
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p – Pressure of the hydraulic fluid in chamber B, N/m2 B
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EFFECTS OF VALVE TIMING



Pcyl – Pressure of gas inside the cylinder, N/m2 B
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The optimal Exhaust Valve Opening (EVO) time is the one which achieves proper trade-off between the loss in expansion work and the work to pump the exhaust out of the cylinder. More retarded than optimal timing will mean better use of the expansion work but it also increases the work to pump the exhaust. Whereas, more advanced than the optimal timing decreases the exhaust pumping work but the expansion work also gets wasted to an extent. Hence, the EVO time is the instant at which the wasted expansion work just overcomes the decrease in pumping out work. And finally, the optimal Exhaust Valve Closing (EVC) time can be the one which provides the required residual gas fraction for NOx control [12]. B



l1 – Initial Compression of the top spring, m B
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l2 – Initial Compression of the bottom spring, m B



B



b – Damping of the system without the material of the casing, Ns/m K – Stiffness of the material of the casing, N/m B – Damping of the system including the material casing, Ns/m f – Frictional force, N



The effect of valve opening and closing times, and valve lift was also studied, using a computer simulation [19]. Lower than optimal valve lift decreases the area across the intake valve for the mixture to flow into the cylinder, whereas, for higher than optimal valve lift, the discharge coefficient decreases due to flow separation along the port surface. It also increases the backflow during the valve overlap period [20].



THE PROPOSED HYDRAULIC VVA SYSTEM The proposed system for Variable Valve Actuation is shown in Fig. 1. The actuator consists of a stepped piston connected to the valve stem, as shown in the figure. The stepped piston moves inside its casing. The casing has passages inside it, as shown, through which the hydraulic fluid flows. When the valve is at rest, pressurized fluid fills both chamber A and chamber B. The area of the annular region of the step Ap, is slightly larger than the top area of the piston As. Hence the net force is upwards and keeps the valve against its seat. There are two compression springs 1 & 2, above and below the step, which help in smooth seating and control of the movement of the valve respectively. B
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B
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When the valve is to be actuated, orifice 2 (exit orifice) is opened to a certain extent using the solenoid actuator. Because of this movement, the pressure in chamber B falls. A differential pressure is now created, due to the high pressure in chamber A and a low pressure created in chamber B. The low pressure in chamber B is maintained by orifice 1 (inlet orifice). This hydraulic pressure difference moves the piston, thereby actuating the valve. When the piston moves down, fluid flow occurs between the inlet and chamber B through orifice1, depending on which side the pressure is higher. During the movement, the spring compresses and hence, the piston slows down, coming to a stop at a position where the force due to differential pressure between chamber A and chamber B is equal to the force due to the spring. The amount of lift is hence, decided by the final pressure in chamber B. The final pressure in chamber B is the one that will equal the flow rate from the inlet to chamber B, to the flow rate from chamber B to the outlet. The flow rate is varied by controlling the area of orifice 2 by varying the plunger movement. The rate of lift also depends on the flow rate of the hydraulic fluid.



(ps − p) ρc1A1 2| ps − p | ρc A 2(p− p0 ) + ρAp y& = 2 2 | ps − p | 1-β14 ρ ρ 1-β24 Where β1 and β2 are the ratio of the diameters of orifices 1 and 2 to the fluid pathway diameter respectively. According to the mass conservation equation, the volume displaced per unit time by the piston is equal to the algebraic sum of the flow rates through the two orifices. The direction of flow through orifice 1 depends on the pressure of the fluid in chamber B. But fluid always flows out from chamber B to the outlet through orifice 2. Now, as the piston moves down, it squeezes the fluid in chamber B, as per the above equation. Because of this, the liquid pressure in the chamber increases, retarding the piston, and then decreases, as the force due to differential pressure gradually gets balanced by the force due to the spring. The friction is negligible compared to the large pressure forces acting in the system. The damping in the system can be adjusted to 150-250 Ns/m, by adding additional systems if needed. This is the range of damping coefficient in commercial shock-absorbers, and hence, feasible. The piston comes to a stop as the force due to differential pressure gradually gets balanced by the force due to the spring. The lift of the valve depends on the pressure of the fluid in chamber B, which in turn depends on the area of orifice 2. Hence, by adjusting the area of orifice 2, we can control the lift of the valve. A desired lift profile of the valve can be obtained by manipulating the area of the orifice 2, by giving an appropriate signal to the solenoid actuator.



To close the valve, the solenoid is de-energized. This pushes the solenoid plunger to close orifice 2. Now, the pressure of fluid in chamber B rises again. If orifice 2 is closed even before the piston becomes stable during the opening stroke, this pressure rise first retards the piston, and then pushes it back. Now, as the piston returns, pressure in chamber B once again falls, and fluid flows to fill the chamber B. This continues till the piston reaches its equilibrium position against the valve seat. VALVE OPENING SEQUENCE (ORIFICE 2 OPEN): The equation of motion is,



&& = ps As - pA p + k1 (l1 - y) - k 2 (l2 + y) + mg- by& f my Applying the conservation of mass to the fluid flow, we get, Fig. 1 Schematic of the proposed VVA hydraulic–servo system



VALVE CLOSING SEQUENCE (ORIFICE 2 CLOSED):



Supply Pressure = 100 bar



The supply to the solenoid is cut off. This pushes its armature against the orifice 2 and closes it. Pressure once again builds up in chamber B, retarding the piston. Now, as the piston is still moving with a velocity, there is a backflow through orifice 1 due to liquid being displaced by the piston from chamber B. But as the piston gradually slows down, the pressure in chamber B falls back to the supply pressure, pushing the piston back to its equilibrium position. The equation of motion now, during the return stroke, remains the same as that during the opening stroke.



Piston Area = 78.54 mm2



The conservation of mass of the fluid, during the return stroke gives,



Damping coefficient = 150 Ns/m
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P



Step Area = 80 mm2 P



P



Atmospheric Pressure = 1 bar Valve Mass = 0.1 kg Stiffness of the springs = 64 kN/m Initial compression of the springs = 3 mm



Diameter of orifice 1 = 3 mm



ρ A p y& =



ρc1A1 1-β14



2(p- ps ) &>0 When y ρ



Diameter of the ball in orifice 2 = 3 mm



That is, when the piston continues to move down, the displaced fluid in chamber B flows out through orifice 1, back into the supply line. During this movement, the pressure in chamber B rises above the supply pressure for this back flow to happen.



Discharge coefficient of the orifices = 0.7



And,



The input given to the solenoid plunger is a trapezoidal input with,



ρA p y& = −



ρc1 A1 1-β14



2(ps − p) & ≤ 0 When y ρ



When the piston moves up, pressurized fluid starts flowing into chamber B. The pressure in chamber B then falls below the supply pressure, and continues to raise after a minimum, as the valve approaches its equilibrium position. If the parameters are such that the system is under damped, there is a possibility of the valve hitting its seat with a velocity. The valve bounce can then be modeled by the equation



m&y& = psAs −pAp + k1(l1 − y)−k2 (l2 + y)+ mg−Ky−By& −f When y ≤ 0, (when the valve is in contact with the seat)



PARAMETRIC STUDIES Initial parametric studies were done on the proposed hydraulic servo actuation. Almost all the parameters in the mechanism were varied, and their effects on the stabilized lift, the time taken for the valve to stabilize and its maximum velocity during only the opening of the valve were studied. The system was simulated when the solenoid plunger opens the exit orifice to a certain extent and is held in that position, open. The standard parameters chosen for the simulation, from which each one of them was varied during the study, are listed below.



Density of the hydraulic fluid = 780 kg/m3 P



P



Cone angle of the exit orifice = 300 P



Maximum plunger lift, ml = 2 mm Raising and falling ramp rates = ml mm/ms VARIATION OF LIFT WITH MOVEMENT OF THE PLUNGER OF THE SOLENOID The lift of the valve is varied by controlling the movement of the solenoid armature. As the armature is moved further from orifice 2, the flow area increases. The discharge coefficient of the orifice also varies with the amount of opening, which is a function of the Reynolds’s number, Re. This increase in the orifice area allows more fluid to be squeezed out during the opening stroke of the valve, and hence the lift increases. Hence, the maximum velocity of the valve also increases. Keeping other parameters constant, as the armature movement was changed from 1.5 mm to 3 mm, the stabilized lift increased from 3.5 mm to 8 mm. As seen from Fig. 2, as the plunger is moved further away from orifice 2, the valve lift increases, whereas the settling time decreases. This is a desirable behavior of the system for its application in high-speed engines. This is because, when the movement of the solenoid plunger is less, the pressure in chamber B is higher. As the resultant force now is lesser the system settles faster. As the plunger movement is increased, the pressure in chamber B is lower. Hence, the velocity of the valve is higher, which results in a greater damping force. This also results in a quicker settling time. This accounts for the behavior observed in Fig. 2



EFFECT OF OPERATING PRESSURE



EFFECT OF DAMPING



The pressure of the hydraulic fluid was varied from 50 bar to 200 bar, keeping all other parameters constant, and its effect on the system’s performance was simulated. As seen in Fig. 3, at lower pressures, the system exhibits oscillations, but the overshoot was found to be within 2 % of its steady value. As the pressure is increased, the system’s oscillations reduce. A system without oscillations is very much preferred to reduce the bouncing of the valve in its return motion. As the system becomes over damped, settling time increases. The valve lift and maximum velocity also increase because of the increased pressure force of the hydraulic fluid. As the pressure is increased, although the lift increases rapidly, there is not much difference in the settling time. Hence, this also is a requirement for the system’s application to high speed engines. The behavior shown in Fig. 3 can be explained by the fact that when the operating pressure is low, the forces are less, making the system response fast. But as the hydraulic pressure increases, the system takes longer to settle, but the settling time doesn’t change rapidly because the damping force also increases due to greater velocities. This makes the settling time almost the same at higher pressures.



The damping coefficient of the system was varied from 100 Ns/m to 250 Ns/m, and the system performance was studied, Fig. 4 As the damping coefficient increases, the system becomes over damped. The settling time increases, and the valve lift and maximum velocity decrease, due to this, as shown.
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Fig.4 - Effect of damping
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EFFECT OF CHANGING THE EXIT ORIFICE DIAMETER
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Fig. 2 – Variation of lift with solenoid plunger movement
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As shown in Fig. 6, with a decrease in the inlet orifice diameter, the settling time decreases, but the valve lift increases. Hence, this also becomes a parameter that can be varied when the system is applied to high speed engines.



16 14



If the system is designed with a different exit orifice diameter, we can expect the valve lift to be different. The behavior is shown in Fig. 5. As the exit orifice diameter is increased, the lift and the velocity increase due to increased area for the hydraulic fluid to flow out. The response time becomes shorter almost linearly with the change in exit orifice diameter. Here too, we find that the lift increases, whereas the settling time decreases, with increasing exit orifice diameter
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Operating Pressure bar



Fig. 3 – Effect of hydraulic fluid pressure
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The behavior of the settling time can be explained as follows. When the inlet orifice diameter is reduced, the flow into chamber B is reduced and so the velocity of the valve is higher. The damping force is higher and so the valve settles faster. As the inlet orifice diameter is increased, the flow into chamber B increases. Hence, the velocity of the valve is reduced, which also makes the valve settle faster. The system also exhibits oscillations as the inlet orifice diameter is increased.



EFFECT OF SPRING STIFFNESSES 18



If a spring of higher stiffness is used, the valve lift will decrease because the spring will get compressed to a lesser extent. The valve velocity and response time also decrease. The variation is shown in Fig. 7.



settling time ms (2% criterion) stabilized lift mm maximum velocity m/s



16 14 12 10 8



EFFECT OF CHANGING THE FLUID ACTING AREAS
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The effect of increasing the fluid acting areas by a constant amount is shown in Fig. 8. As the areas are increased, the force due to the hydraulic fluid increases and hence the valve lift increases. The velocity also increases, although not very rapidly as the valve lift. As a direct consequence of this velocity increase, the settling time increases, as shown.
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Fig. 7 – Effect of changing the spring stiffnesses
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Fig. 8 – Effect of the fluid acting areas
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Fig. 5 – Effect of the exit orifice diameter



EFFECT OF THE MASS OF THE VALVE settling time ms (2% criterion) stabilized lift mm maximum velocity m/s
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If the valve’s mass is increased, one of the direct consequences is the system starting to experience oscillations. For the parameters chosen for simulation, if the valve mass is changed from 0.1 to 0.4 kg, the valve oscillated - Fig. 9. As a result of the system becoming under damped, the settling time decreases but the valve was found to oscillate considerably during opening. Hence, as expected a higher valve mass is not desirable as it will also result in its bouncing of the valve seat during closing.
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EFFECT OF DENSITY OF THE HYDRAULIC FLUID
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Fig. 6 – Effect of the inlet orifice diameter
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A less dense fluid will flow through the orifices more readily for a given differential pressure and so, its effect on the system’s behavior was studied, Fig. 10. With increasing density, the settling time increases, although the valve lift and maximum velocity don’t change much. EFFECT OF THE CONE ANGLE OF THE EXIT ORIFICE As the exit valve is designed with a larger cone angle [Appendix I], the exit orifice area for the same amount of



plunger movement increases, reaches a maximum, and then decreases. Hence, the valve lift increases, reaches a maximum, and again falls, so does the maximum velocity. The response time falls and then increases. The system is not feasible with too low cone angles because the exit orifice area will not be sufficient to match the flow at the inlet orifice and flow due to the movement of the valve. The behavior is shown in Fig. 11
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EFFECT OF DISCHARGE COEFFICIENT OF THE INLET ORIFICE
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Depending on the discharge coefficient of the inlet orifice, the flow into chamber B will vary. The effect of this on the system’s behavior is shown in Fig. 12. The settling time almost remains a constant, but the lift decreases. The maximum velocity also decreases, but not as sharply as the lift. An idea of the influence of fluid viscosity on the system can be got from the effect of discharge coefficient on the system.



settling time ms (2% criterion) stabilized lift mm maximum velocity m/s



9 8 7 6 5 4 3 2 1 0 0.05



0.1



0.15



0.2



0.25



0.3



0.35



0.4



25



30



35



40



45



50



55



60



65



Angle of the exit orifice degrees



Fig. 11 – Effect of the cone angle of the exit orifice EFFECT OF DISCHARGE COEFFICIENT OF THE EXIT ORIFICE When the solenoid plunger is moved, the area for the flow through the exit orifice increases. Because the Reynolds’ number will change with such an increase in area, the discharge coefficient of the orifice will also change. Hence, it is very much necessary to study the behavior of the system, as the discharge coefficient of the exit orifice changes. The plots are shown in Fig. 13. With an increase in the discharge coefficient, the valve displacement and maximum velocity increase, as a result of a larger quantity of fluid being able to flow out through the exit orifice. The settling time increases, and then decreases.
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Fig. 9 – Effect of mass of the valve
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settling time ms (2% criterion) stabilized lift mm maximum velocity m/s
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Fig.12 – Effect of the inlet orifice discharge coefficient 500
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Fig. 10 – Effect of density of the hydraulic fluid
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Fig.13 – Effect of discharge coefficient of the exit orifice From the above parametric studies, it can be seen that there are four parameters of the system that govern its application to high-speed engines. They are – The amount of movement of the solenoid plunger, the operating pressure, damping and the diameters of the exit and the inlet orifices. It can be seen from the graphs that varying these parameters in a certain way can give an increase in lift accompanied with a reduction in settling time. Hence, the area of the inlet nozzle can also be made variable.



The solenoid actuator was given a trapezoidal movement profile as shown in Fig. 14(a). The corresponding displacement, velocity and acceleration profiles of the valve are shown in Fig. 14 (b) – 14 (d). The corresponding pressure variation of the hydraulic fluid in chamber B is shown in Fig. 14 (e). The response of the system nearly satisfies the engine’s requirements and thus asserts the feasibility of the system. As seen from Fig. 14(b), the system’s performance closely matches a cam with a sinusoidal profile during opening. But during closing, the sinusoidal cam provides larger lift. The profile of the cam can be matched by manipulating the movement of the solenoid plunger. However, in this simulation, only a ramp input to the solenoid plunger while closing, was used. The maximum lift is nearer to the instant at which the engine piston‘s velocity is maximum. The piston speed is estimated to be a maximum around 800 CA from TDC. The valve bounce is also only around 0.05 mm. The valve seating velocity was found to be 0.17 ms-1, which is within the design range of 0.03 ms-1 at 600 engine rpm and 0.3 ms-1 at 6000 engine rpm. The valve bounce can be reduced by moving the plunger more gradually near its seat. In addition the compression pressure acting on the valve is expected to keep the valve closed without bounce. P
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APPLICATION OF THE MODEL The model developed was applied to an engine with the following specifications



Piston displacement -1400 cc. Max power @ 5500 rpm



≈ 7.65 cm P



≈ 8 ms



≈ 8.4 mm



Valve mass = 0.1 kg For these valve operational parameters, the parameters of the system chosen are:
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Ball displacement mm
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Maximum valve lift
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Assuming a valve conical seat angle of 450, the following parameters were calculated for the engine based on valve gear design equations [21]. Valve opening duration
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P



The parameters to be changed for attaining variable lifts and timings are the solenoid plunger opening, operating pressure, damping coefficient, and the area of the inlet nozzle. These parameters must be so adjusted that the valve lift is maximum when the engine piston’s velocity is maximum
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Supply pressure = 200 bar Fig. 14 (a) - Displacement profile of the solenoid plunger Damping coefficient = 200 Ns/m Diameter of the inlet orifice = 3 mm



160



10 Location of maximum velocity of the engine



140



8 120



6



Pressure bar



Sinusoidal Cam



Lift mm



Proposed VVA 4



100 80 60 40



2



20



0 -20 0 ms TDC -2



30



80



130



180



230 8ms



BDC



280



0



330



0



2



4



6



8



10



12



14



16



18



Crank Angle Degrees



Crank Angle degrees



Fig. 14 (b) – Typical displacement profile of the valve using the hydraulic servo actuation concept, for the above movement of the solenoid plunger
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Fig. 14 (e) – Corresponding variation in the pressure of the fluid below the piston step during the downward motion The pressure variation of the hydraulic fluid in chamber B is shown in Fig. 14 (e). As explained earlier, the pressure increases in the middle due to a squeezing action after an initial drop. The pressure then again drops. After the solenoid actuator completely closes orifice 2, the pressure in chamber B rises again. After that the pressure again drops when the hydraulic fluid flows into chamber B, and again rises, as the piston approaches its equilibrium position, as shown. It is seen that the system has the capacity to operate the inlet valve of a modern high speed engine with any desirable lift and duration. The power consumption for actuating the valves for this speed was found to be 5.34 kW. The system was simulated for optimal valve actuation data for an engine given in [20]. A plot of different valve profiles for different speeds is shown in Fig. 15. As can be seen, the valve profile, which is more like a sinusoid at high speeds, becomes more like a trapezoid at low speeds.
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Fig. 14 (c) - Corresponding velocity profile of the valve 22500
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Fig. 14 (d) – Corresponding acceleration profile of the valve
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Fig. 15 – Valve lift profiles at different speeds
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CONCLUSION ™ The new hydraulic variable valve-timing concept explained in this work offers flexibility in timing and lifts and can be operated at speeds expected in modern engines. ™ The system can be easily operated by the movement of a plunger that varies the area of an orifice with respect to crank position using a solenoid ™ Simulation studies indicate that the parameters that are important are operating pressure, damping coefficient, and orifice areas. ™ The lift profile achieved is similar to that with a sinusoidal cam. The system can be easily be fitted on an existing engine.
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APPENDIX (I) A picture of the exit orifice is shown in the fig.



The semi angle of the cone of the exit orifice is shown in the figure. The flow area between the orifice and the ball is a conical surface, which can be spread out into a sector of circle. It can be easily shown that the radial distance between the ball and the cone is xsinα



The angle of the sector can be found from the relation, as shown in the above figures rθ = 2 π(r cos α) ie. θ = 2 π cos α And, the area of the sector can be found out as Ae = π cos α ( xd sin α + x2 sin2 α) B
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