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Abstract: In this research, the design of a new electromagnetic engine valve in the limited space
of combustion engine is optimized by multidisciplinary simulation using MATLAB and Maxwell.
An electromagnetic engine valve actuator using a permanent magnet is a new actuator concept
for overcoming the inherent drawbacks of the conventional solenoid-driven electromagnetic engine
valve actuator, such as high power consumption and so on. This study aims to maximize the
vibration frequency of the armature to reduce the transition time of the engine valve. The higher
performance of the new actuator is demonstrated by dynamic finite element analysis.
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1. Introduction

Variable valve timing is a key technology in automobile combustion engines. It improves fuel
efficiency by up to 15%, enhances torque output by up to 10% and reduces CO, emission by up to
15% under different engine operating conditions [1,2]. The solenoid-driven electromagnetic engine
valve actuator is the most advanced system among the devices that had been developed in the past
several years to replace the traditional mechanically driven camshaft engine valve system [3,4].

In order to implement and design this system within the limited space of a combustion
engine, there are numerous studies on solenoid-driven electromagnetic engine valves such as
sensorless control, landing control and optimal design for the improvement of their performance.
Mercorelli suggests a two-stage sliding-mode observer using Kalman filters to implement the
sensorless control system of the electromagnetic engine valve [5-7]. Chlandy and Koch designed
a closed-loop controller near the valve stroke bounds for the soft landing using a model which
identifies combustion gas force variation [8]. Although they offered the highest flexibility in valve
timing control, the solenoid-driven electromagnetic engine valve actuator suffers from an inherent
problem of high-energy consumption for the operation of this system [4].

In order to solve the drawbacks associated with the solenoid-driven actuator from the viewpoint
of optimal design, Kim and Lieu introduced a new electromagnetic engine valve actuator design
that uses a permanent magnet [9]. This new actuator with a permanent magnet has much lower
operating power consumption than the solenoid-driven actuator because of two main advantages:
First, the residual induction of the permanent magnet can hold the valve in the closed position in
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the initial stage of ignition, and second, the actuator does not need power between valve events
and feeds current only into the system at each valve transition period. Cho et al., proposed an
inter-locking mechanism to solve unintended operations driven by external force such a shock while
in open state of the electromagnetic engine valve actuator with permanent magnet [10]. However, the
electromagnetic engine valve actuators in those studies adapt moving permanent magnets in the
armature. This type has potential problems in terms of the reliability of the permanent magnet and
the reduction of the dynamic performance.

In this research, an optimal design of the electromagnetic engine valve with fixed permanent
magnetic is suggested. Also, the genetic algorithm is adapted for the optimization process to reduce
the transient time of strokes for higher engine speed.

Figure 1 shows a schematic diagram of the newly suggested actuator. It is composed of
permanent magnets, electromagnetic coil (solenoid), a laminated steel core and armature, two springs
and a valve body. The armature and the valve compose one continuous body. Accordingly, the engine
valve closes and opens as the armature moves up and down. The total travel distance of the armature
is 8 mm.
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Armature ~ | Magnet

Valve bar

Figure 1. Schematic diagram of new electromagnetic engine valve actuator suggested by Kim
and Lieu.

Figure 2 shows the operating principle. The blue solid arrows show the magnetic flux generated
by the permanent magnets and the red dotted arrows show the flux generated by the electromagnetic
coil. As shown in Figure 2a, the permanent magnets latch the armature in the upper position, i.e.,
the valve is closed because the magnetic force exceeds the spring force. In order to open the engine
valve, the coil is energized. When the flux of permanent magnets becomes partially cancelled as
shown in Figure 2b, the spring force exceeds the magnetic force and the armature is released and
accelerated by the stored energy in the springs, and the engine valve starts to open. After the armature
passes the neutral position of the stroke, the electromagnetic coil is reversely energized. Then, the
permanent magnets and the electromagnetic coil catch the armature at the lower end position as
shown in Figure 2c. The motion from the lower end to the upper end follows the steps above in
reverse order.

Transition time is defined as the duration in which the valve moves from the closed position to
the open position or from the open position to the closed position. As the transition time becomes
smaller, the engine valve actuator can yield higher maximum engine speeds. The transition time
of the existing design is 3.9 milliseconds, which yields about 5000 rpm of maximal engine speed.
The transition time of the valve can be shortened by increasing the mechanical vibration frequency
of armature which is connected to the valve.
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The mechanical vibration frequency of armature is defined by +/k/m. Here, m is the total moving
mass of the armature and engine valve those are one rigid body and oscillating together. k is the
equivalent spring stiffness. The maximum available stiffness of the spring is proportional to the
magnitude of the magnetic latching force. The magnetic latching force by the permanent magnet at
the lower and upper ends of the stroke is designed to be 100 N larger than the spring force because
of gas disturbance for safe latching. In this paper, the actuator design is optimized for the reduction
of the stroke transition time, which is achieved by maximizing the vibration frequency of armature.
The optimization is carried out by multidisciplinary simulations of Maxwell and MATLAB based on
finite element analysis (FEA) and genetic algorithm (GA). In addition, 2-D dynamic finite element
analyses are performed to demonstrate the enhanced performance by the optimization.
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Figure 2. Principle of operation (a) at the upper end (b) at starting end (c) at the lower end.

2. Design Optimization

2.1. Optimization Variables and Constraint Conditions

Figure 3 shows the design variables of the optimization. Also, several boundary conditions
required to obtain a realistic design are considered as follows:

e The thickness and width of the actuator are fixed. The height of the actuator, however, can
be extended because extra space in the direction of height is created due to the removal of
the camshaft.

e Maximum teeth width (W;) is set such that the minimum gap between teeth is 10 mm.

e The size of the permanent magnet remains fixed and the same as the one of the existing design.
The optimization in this study does not aim to enlarge the magnetic latching force by increasing of
the size of the permanent magnets.

o After the dimensions of the core and teeth are determined, the width (W,) and height (H,) of the
armature are restricted so that the armature can properly fit inside the air band, which allows 8 mm
longitudinal air-gap for the required armature motion.

o The shapes of the lower teeth and the upper teeth are designed to be symmetric to the neutral line.
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Figure 3. Design optimization variables for maximizing frequency of vibration at bottom end position
of armature.
2.2. Objective Function

The objective function of optimization maximizes the frequency of actuator vibration, as
expressed by Equation (1). In this equation, we consider 100 N as a disturbance force based on an
automobile company’s experimental data:

Wy = \/? _ \/(FLatching - 100)/xmax (1)
m Vg X Ps + My

where:

e k: Available spring stiffness;

e m: Moving mass including armature and engine valve;
e wy: Frequency of vibration (natural frequency);

* Fratching: Magnetic latching force;

e Xmax: Distance from neutral to lower end of stroke;

¢ 0,: Volume of armature;

® Dgieer: Mass density of steel;

e 1y: Mass of engine valve.

2.3. Optimization Procedures and Results

2.3.1. Optimization Procedure and Methods

When optimizing the proposed structure, the trial-and-error method based on physics, or the
conjugate-gradient and quasi-Newton method can be used. However, it is difficult for all the
above methods to lead to an optimal solution, especially for multi-parameter optimization problems.
Unlike these local optimization techniques above, genetic algorithms (GAs) are not highly dependent
on either initial conditions or constraints in the solution domain [11]. Therefore, we employ the GA,
a global search technique in this paper.

Figure 4 shows the GA process for the optimal design. First, a population of actuators is
randomly generated. Each individual in the population is a series of binary string (chromosome)
that represents one complete actuator, as shown in Figure 5. Then, each gene in the chromosome is
decoded to actual parameters using a binary-decoding method given by Equation (2):

P _Pp. N-1
P = Prin + (“‘zN - 1“““) > 2"by ¥))
n=0
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where P is the actual parameter based on the given minimum and maximum values of P and b,
is the binary bit (0 or 1) in the n-th place of the gene corresponding to parameter P. The decoded
parameters are passed to the Maxwell for evaluation. The goodness of each chromosome is
determined by Maxwell. In the simulation platform, the program written by MATLAB writes a
VBScript to execute Maxwell for the electromagnetic 3-D static finite analysis and reads the value of
the latching force to determine the frequency of armature vibration. Once the simulation for a given
population finishes, GA acts on the chromosomes to generate a new population through crossover
and mutation operations.

Since the goal of this structure is to maximize the natural frequency, the Fitness Function can be
simply written as Equation (3):

Fitness Function = Maximize(w;,) 3)

Generate or Load
Population

Maxwell Evaluate Fitness ¢ >—~<11'1e>
Solution
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Figure 4. Genetic algorithm process for evolution toward a global solution.
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Figure 5. Chromosome structure.

Several independent runs are performed by varying the population sizes and the ratio of
crossover to mutation to assure convergence to the optimal design. Figure 6 shows a good
convergence to some optimal values.
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Figure 6. Best fitness values in each generation.

2.3.2. Optimization Results

Table 1 shows the optimized dimensions of the actuator. When the size of the armature was
decreased, the moving mass was reduced, but the widths of the teeth and core were increased.

Table 1. Actuator Dimensions (all dimensions in mm).

Symbol Quantity Exiting Dimensions New Optimized Dimensions
Lac Thickness of actuator 38.1 38.1
W Width of actuator 120.65 120.65
Hge Height of actuator 93.34 95
Weo Width of coil 31.75 31.75
Wi, Width of magnet 44.45 44.45
Hy, Height of magnet 4.7625 4.7625
W, Width of armature 44.45 30.216
H, Height of armature 19.03 12
Wi Width of teeth 34.29 27.325
H; Height of teeth 19.05 19
We Width of core 19.05 28

Hy; 1 Height of back iron 1 19.05 28.75
Hy; > Height of back iron 2 4.7625 3.5

Table 2 compares the static characteristics between the existing design and the optimal design.
The magnetic latching force at the end position of the stroke falls from 1525 to 1262 N. Therefore the
obtainable maximal stiffness of spring is reduced from 358 to 292 kN/m, and the moving mass
including armature and engine valve is reduced from 284 to 136 gram. As a result, the natural
frequency is improved by 30%.

Table 2. Comparison of existing design and optimal design.

Characteristics Existing Design Optimal Design
Magnetic latching force (N) 1525 1262
Available Spring stiffness (kN/m) 358 292
Moving mass (kg) 0.284 0.136
Natural frequency 1123 1465

3. Dynamic Simulation

Transient 2-D finite-element analyses (FEA) of the existing design and the optimal design in
Table 3 were carried out to compare their dynamic performances and to demonstrate the enhanced
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dynamic performance of the system by optimization. The actuator systems are composed of three
subsystems: a mechanical system, an electrical system and a magnetic system, which are all coupled
to each other. Governing equations, initial conditions and boundary conditions of each subsystem
are given as follows.: The magnetic property of SmCo28 is assigned to the permanent magnets and
the nonlinear magnetization curve of 1010 steel is used for the magnetic properties of the stator and
armature. Table 3 shows the physical properties of the engine valve system. The dynamic motions
of the armature from the lower end to the upper end of the stroke are simulated for the time-step of
20 ps over a period of 4 ms using both 2-D FE models of the existing design and the optimal design:

vx<ivXZZ>—7m+isz\7{ )

Boundary condition: A, = 0
where:

e A,: Magnetic vector potential in the out of plane direction;
o i: Permeability of the material including armature and engine valve;

e M: Magnetization of the permanent magnet;

e ] . Current density.

dA(i, x) .
7t +Ri=V 5)
Initial condition i(0) = 0
where:
e A: Flux linkage;
e i: Current;
e R: Resistance.
mx + cx + keqx = Pmagnetic + Fgmvity (6)
Initial condition x(0) = —4 mm and x(0) = 0

where:

e ¢: Damping coefficient;
® Fuagnetic: Magnetic force;
* Forauiry: Gravity force.

Table 3. Physical properties of the valve system.

Parameter Value
Residual Induction (T) 1.0188
Coercivity (A/m) —754,176
Input voltage (V) 200
Number of turns (turns) 200
Resistance () 1

Figure 7 shows the position profiles of the armature in the existing design and the optimal design.
The slope of the position profile versus time of the optimal design is steeper than that of the existing
design due to the higher vibration frequency. The armatures of the existing and optimal designs are
released from the lower end of the stroke at 0.5 ms and at 0.7 ms, respectively. These delays are due
to the inductance of coil; in other words, there is a delay time for the coil current to reach a sufficient
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level to make the magnetic force lessthan the spring force. At 2.4 ms, the moving armature of the
optimal design passes the neutral position of the stroke where the magnetic force and the spring force
are zero at the maximum traveling speed, whereas that of the existing design passes by the neutral
position at 2.6 ms. At 3.56 ms, the armature of the optimal design arrives at the upper end of the
stroke whereas that of the existing design arrives at 3.9 ms. Table 4 shows the dynamic performance
comparison between the existing design and the optimal design. As a result of the optimization, the
transition time was shortened by 8.7% from 3.9 to 3.56 ms, and the maximum speed during transition
was improved by 26.7% from 3.631 to 4602 m/s.
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Figure 7. Position profiles versus time of existing design and optimal design.

Table 4. Dynamic performance of existing design and optimal design.

Item Existing Design Optimal Design
Transition time (ms) 3.9 3.56
Maximum speed (m/s) 3.631 4602

4. Conclusions

This paper presents the optimization of a newly designed electromagnetic engine valve
actuator. The optimization based on a genetic algorithm and 3-D FEA using multidisciplinary
simulations of MATLAB and Maxwell, improved the vibration frequency by 30%. In addition, the
enhanced performance of the optimized actuator was demonstrated by 2-D dynamic finite element
analysis. The result showed the reduction of the stroke transition time by 8.7%, which enabled the
new engine valve actuator to achieve higher maximum engine speed than the existing actuator.

Additionally, suggested optimization because the genetic algorithm and FEA-based optimization
method has potential advantages.
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