
  

  
Abstract—A variable valve timing (VVT) can improve fuel 

efficiency, reduce CO2 emission and increase torque output. To 
achieve VVT in internal combustion engine, new devices such as 
mechanical, hydraulic, motor-driven and electromagnetic 
actuator have been developed in past years to replace the 
conventional camshaft valve train system used currently. 
Among these, the electromagnetic actuator using solenoids is 
the most advance system to provide the most flexibility to valve 
timing, but it has critical drawback of high power consumption. 
This paper presents a novel design of Hybrid Magnet Engine 
Valve Actuator (HMEVA) using shorted turn. A shorted turn is 
placed into existing design in order to reduce the inductance of 
coil and improve the initial response. Dynamic finite element 
analysis using commercial electromagnetic solver “MAXWEL” 
is performed to simulate the improvement of dynamic 
characteristic of model. 
 

Index Terms—Variable valve timing (VVT), hybrid magnet 
engine valve actuator (HMEVA), shorted turn, finite element 
analysis, permanent magnet (PM), electromagnet (EM).  
 

I. INTRODUCTION 
Variable valve timing (VVT) is key technology to 

overcome a conventional camshaft engine valve system. 
VVT allows the cam profile to change, which results in 
greater efficiency and power. Valve events are controlled 
independently of camshaft rotation. As a result, fuel 
consumption may be reduced up to 15%, torque output is 
enhanced in wide range of engine speed, and CO2 emission 
may be decreased up to 15% [1], [2]. 

Some of the devices developed in the past years to achieve 
variable valve timing include mechanical, hydraulic, 
motor-driven, and electromagnetic actuators. The simplest 
VVT systems advance or retard the timing of the intake or 
exhaust valves like Mazda’s S-VT. On the other hand 
Honda’s VTEC switches between two sets of cams at a 
certain engine RPM. However, these systems add complexity, 
and there is not much improvement to torque [3]. Another 
technology altogether uses small electric motor to control 
valve motion [4]. But this technology is still very near the 
beginning stage of development. The most advanced system 
is the hybrid magnet engine valve actuator using PM/EM 
(permanent/electromagnet). 

Fig. 1 shows the schematic diagram of HMEVA the main 
operation principle is mass-spring oscillation and variable 
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valve timing is achieved by control of voltage applied to the 
coils [5]. 

 
Fig. 1. Schematic diagram of conventional HMEVA  

The duration of valve events and phase between the intake 
valve and exhaust valve are very flexible [6]. Several 
automotive manufactures experimented with conventional 
HMVEA design. However, these conventional types of 
actuator suffer the inherent problem of high-energy 
consumption for operation. The significant cause for the 
high-energy consumption is due to inductance of coil. 
Therefore, in this paper, a new design of HMEVA using 
shorted turn is introduced. The purpose of proposed actuator 
is in order to reduce the inductance of coil and improve the 
initial response when it is driven by voltage. To characterize 
the performance of the proposed actuator, the equivalent 
magnetic circuit model of newly design is developed for 
mathematical analysis and dynamic performance is verified 
to perform finite-element analyses using a commercial FEM 
solver, Maxwell. 

 

II. STRUCTURE AND OPERATING PRINCIPLE OF THE 
PROPOSED ACTUATOR 

The structure and operating principle of the newly 
proposed actuator are similar to the conventional HMEVA. 
To reduce the inductance, the upper yoke is inserted a thin 
copper plate, as shown in Fig. 2. This thin copper plate is 
called by shorted turn which helps the current of coil to rise 
quickly by reducing inductance when the voltage is applied. 
As opposed to the conventional actuator, in our design when 
a voltage is applied to the coil of actuator, the flux in the 
magnetic circuit induces a high current in the copper sleeve in 
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such a way as to retard the increase of magnetic flux. In result, 
the inductance of coil is reduced and current rise quickly [7]. 

 
Fig. 2. Schematic diagram of proposed HMEVA 

 

III. DYNAMIC FINITE ELEMENT ANALYSIS 
To simulate the actuator, finite-element models (FEM) 

were created and dynamic finite-element analysis was 
performed using the nonlinear FEM solver Maxwell. The 
newly proposed actuator is composed of three subsystems: a 
mechanical system, an electrical system, and a magnetic 
system, which are all coupled to each other. 

The magnetic subsystem is governed by equation (1). The 
nonlinear magnetic B-H properties of material-180 steel were 
assigned to yokes and the clapper, and the magnetic properties 
of NdFe30 were assigned to the permanent magnet. Table I 
shows the specifications of the NdFe30 permanent magnet. 

 
TABLE I: THE MAGNETIC PROPERTIES OF NDFE30 PM 

Symbols Magnitude 
Br(T) 1.1 

Hc(A/M) 
Mµ 

-8.38x105 
1.0445730167 

 
TABLE II: PHYSICAL PROPERTIES OF HMEVA SYSTEM 

Symbols Quantity Magnitude 
k Spring stiffness 292 (kN/m) 
m 
c 
N 

Moving mass 
Damping coefficient 

Number of turns 

0.136 (kg) 
2.8182 

250 (turns) 

 

M1J)A1( extz ×∇+=×∇×∇
μμ

   (1) 

Boundary condition 0=zA  

where 
zA  is the magnetic vector potential; extJ is the 

external current density; μ is the permeability of the material; 
M is the magnetization of permanent magnet 

The mechanical system is governed by equation (2). The 
moving mass clapper and the stiffness of springs are 
specified. The moving mass includes clapper, engine valve, 
keeper and a fraction of springs. Table II shows the 
specifications of the mechanical subsystem.   

 

magneticFkx2xcxm =++
      (2) 

Initial condition 0)0(),(95.3)0( =−=
⋅

xmmx  
where m is the moving mass; x is the displacement of 
armature; k is the spring stiffness; c is the damping 
coefficient of air; Fmagnetic is the magnetic force in air gap 

The electrical subsystem consists of the coil, shorted turn, 
voltage power supply and toggle switch. The electrical 
subsystem is described by equation (3) 

 

  
VRi

dt
)x,i(d

=+
λ

      (3) 
 
Initial condition i(0)=0 

where λ is the flux linkage; i is the coil current; R is the 
resistance of coil 

The 2-D dynamic finite-element model, which consists of 
40,000 triangle elements, was created to assist in modeling 
these coupled systems. The dynamic motion of the clapper 
from the lower end to the upper end of stroke was simulated. 
The analysis is performed with 10 microsecond time steps 
over a period of 4 milliseconds. The magnetic forces exerting 
on the moving clapper was computed through virtual work 
principle method [8].  

 

IV. RESULTS AND DISCUSSIONS 
Fig. 3 and 4 show the magnetic flux line of conventional 

actuator and new design actuator at two positions during 
motion. Fig. 3(a) and 4(a) show the magnetic flux from the 
permanent magnet holding the clapper at lower end position 
of stroke. 

 
(a)              (b) 

Fig. 3. Magnetic flux line of conventional actuator (a) at the lower position; 
(b) at the upper position 

 
Fig. 3(b) and 4(b) show the magnetic flux line when 

clapper is located at upper, latched position. 

 
 (a)            (b) 

Fig.  4. Magnetic flux line of proposed actuator (a) at the lower position; (b) 
at the upper position 

 
Fig. 5 shows the voltage command to the electromagnetic 

coil of two actuators. The positive voltage creates a magnetic 
flux in the opposite direction of permanent magnet flux to 
release the armature while negative voltage, which is 
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reversely controlled from the neutral position of stroke, 
creates a flux in the same direction as permanent magnet flux 
to overcome the spring force catch armature. 

Comparing the conventional actuator and new design 
using shorted turn, the high voltage of 110(V) is required by 
the conventional actuator to release the armature as 
illustrated by the Fig. 5(a) while in the proposed actuator only 
7(V) is needed to perform the same work as shown in Fig. 
5(b). This shows clearly that the new design is more efficient 
in term of energy consumption. This significant energy 
reduction is due to the shorted turn is placed in new design. 
The shorted turn made the current of coil to rise quickly by 
reducing inductance when the voltage is applied 

 
(a) 

 
(b) 

Fig. 5. Profile of the voltage command to the electromagnetic coil (a) 
conventional actuator; (b) proposed actuator  

Fig. 6 and 7 show the profiles of position versus time of 
two actuators, conventional and proposed, respectively. 

 
Fig. 6. Profile of position versus time of conventional actuator   

 
Fig. 7. Profile of position versus time of proposed actuator 

 
Fig. 8. Profile of Forces versus time of conventional actuator  

 
Fig. 9. Profile of Forces versus time of proposed actuator  

 
Fig. 8 and 9 show the profile of magnetic force and spring 

force of conventional actuator and proposed actuator that 
moves from the lower end to upper end positions. 

 

V. CONCLUSIONS 
New design of hybrid magnet engine valve actuator, using 

shorted turn, is proposed to overcome the inherent drawbacks 
of large power consumption in conventional type. To 
evaluate the performances of the proposed system and 
compare with conventional system, the simulations using FE 
analyses were performed. The results show that the new 
system with shorted turn has much smaller power 
consumption compared with conventional system without 
shorted turn and it is suitable for application in an internal 
combustion engine. 
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