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Abstract:    A novel ε-type solenoid actuator is proposed to improve the dynamic response of electro-pneumatic ejector valves by 
reducing moving mass weight. A finite element analysis (FEA) model has been developed to describe the static and dynamic 
operations of the valves. Compared with a conventional E-type actuator, the proposed ε-type actuator reduced the moving mass 
weight by almost 65% without significant loss of solenoid force, and reduced the response time (RT) typically by 20%. Prototype 
valves were designed and fabricated based on the proposed ε-type actuator model. An experimental setup was also established to 
investigate the dynamic characteristics of valves. The experimental results of the dynamics of valves agreed well with simulations, 
indicating the validity of the FEA model. 
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INTRODUCTION 

 
With advantages of low cost, anti-pollution 

ability, high flow rate gain, small size and simple 
structure (Topçu et al., 2006; Khan et al., 2007), 
high-speed electro-pneumatic ejector valves have 
attracted considerable attention in several areas of 
modern industry. They have been used in sorting 
parts, flapping control systems and other systems for 
gluing, dosing and packaging where discrete cyclic, 
linear or rotating motions and a very long lifetime are 
required. These modern high-speed electro-pneumatic 
valve applications need further improvements in-
cluding higher operating speed, improved repro-
ducibility of the opening and closing phase, and 
weight, volume and cost reduction (Ertl et al., 2003). 

There have been many developments in fast 
response actuators over the past two decades. First, 

Seilly (1979; 1981) studied two kinds of solenoid 
actuators, called Helenoid and Colenoid. Further 
research then followed, aimed at improving the dy-
namic response of actuators by developing new kind 
of solenoids or improving the old ones. Schechter 
(1982) developed a kind of fast response multipole 
solenoid actuator with a 2-ms response time (RT). 
Kushida (1985) developed a disk type solenoid ac-
tuator (called DISOLE) with an RT of less than 1 ms. 
Recently, piezotranslators have also been developed 
for use as actuators of ejectors. Zhao and Jones (1991) 
developed a fast response electro-pneumatic power 
converter by combining a stacked piezotranslator 
flapper as a drive stage and a back pressure stage for 
generating the output. Lee (1999) designed fast ac-
tuators using multilayer stacked alkali halide elec-
trostrictive materials for fuel injection. Although 
these proposed actuators have fairly good perform-
ances, they are not popular in the design of 
high-speed electro-pneumatic ejector valves because 
of their large size, high cost or complex structure. 
They are not well suited to some of the characteris-
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tics inherent in high-speed electro-pneumatic ejector 
valves, including small stroke length (0.05~0.10 mm) 
and low working pressure (less than 1.0×106 Pa). 
Neither are they well suited to the needs of industrial 
applications including small size, low cost, large 
force production, lack of operation maintenance 
under continuous duty cycles at 150~300 Hz and 
multibillion cycle operation (in excess of five billion 
cycles) (Khan et al., 2007). 

On the contrary, classical C-type and E-type 
actuators are still favored for use as ejector valve 
actuators because of their simplicity and high holding 
force capability. For example, Fig.1 shows a sche-
matic cross section through a typical actuator that has 
been used in an ejector valve. The symbols (e.g., lg, 
din) used in Fig.1 and Fig.2 (see in next section) for 
dimensional parameters normally consist of a prefix 
character, l for length and d for diameter, and a sub-
script to differentiate from each other. It is obvious 
that the actuator showed in Fig.1 is essentially an 
E-type actuator that consists of an excitation coil 
wound around a magnetic E-core stator and a disk 
steel armature (moving mass). The armature will be 
caught or released by energizing or de-energizing the 
wound coil. The solenoid force produced by the ac-
tuator is needed to overcome the reaction force to 
which the armature is subjected as a result of 
high-pressure air flowing through the valve. As 
proved by Schechter (1982) and Seilly (1979; 1981), 
with an E-type (or C-type) actuator, the larger the 
solenoid force required, the lower the acceleration of 
the armature (moving mass). This presents a sub-
stantial challenge to obtaining further improvement in 
the valve dynamics within its compact packaging 
size. 
 
 
 
 
 
 
 
 
 
 
 
 
 

This paper describes the development of an 
ε-type actuator (in cross section, the shape of the 
actuator looks like the character ε) to balance the 
increased solenoid force and the decreased armature 
acceleration inherent in E-type actuators to enhance 
the performance of electro-pneumatic ejector valves. 
The finite element analysis (FEA) method is used to 
model and simulate the actuator and the fabricated 
ejector valve. Steady state and dynamic response 
characteristics of E-type and ε-type actuators are 
thoroughly compared. Finally, simulated dynamic 
displacement and current results of the actuator are 
contrasted with the experimental results, respectively. 
As an example of application, the newly developed 
high-speed pneumatic ejector valves are used in the 
ejection systems of high-speed optical food sorting 
machines. 
 
 
FINIT ELEMENT ANALYSIS MODELLING 
 
Description of the ε-type actuator and design of 
the prototype valve 

Fig.2a illustrates the schematic structure of the 
proposed ε-type actuator. Compared with the E-type 
actuator (Fig.1), a ‘core shoulder’ is introduced into 
the ε-type actuator structure. The structural dimen-
sions of both actuators are almost the same while the 
armature (moving mass) weight of the ε-type actua-
tor is reduced considerably. As proved below, the 
solenoid force produced by an ε-type actuator is 
almost the same as that produced by an E-type ac-
tuator, but the dynamic response performance of the 
ε-type actuator is much improved.  

Fig.2b shows a schematic cross section of the 
fabricated prototype valve. The valve can be divided 
into three major bodies (bodies I, II, III). Body I 
consists of a magnetic ε-core, a wound coil and a 
plastic ring, and provides an air inlet port. A wire 
tunnel is also drilled in it. Body II has a circular 
chamber in the center to house the armature. The 
diameter of the chamber is designed to be slightly 
bigger than that of the armature to ensure that the 
armature can move freely. Four semicircular slots are 
distributed evenly along the inner circumference of 
body II to improve the flow rate of the valve. Body 
III provides an air outlet port, shown in detail in 
Fig.2c (top view). The coil consists of 150 turns of 

Fig.1  Definitions of dimensional parameters for a con-
ventional E-core stator and disk armature 
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isolated copper wire with a resistance of 3.2 Ω. It is 
directly wound on the magnetic core to improve the 
heat-sinking capacity of the valve. All three bodies 
are made of hard aluminum and are joined together 
with four hexagonal socket countersunk head screws. 
The valve is sealed with O-rings or rubber sheet. 
Contact faces, such as the lower face of the armature  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

and the upper face of body III, are abrasively 
trimmed to ensure accurate assembly and provide a 
good seal. The height of the magnetic core is 
designed to be typically 0.05 mm less than that of the 
magnetic frame to reduce the close contact area 
between the armature upper face and the actuator 
core. Grooves are also milled in the lower face of the 
magnetic frame so that the armature can return as 
soon as the coil is de-energized. 

For all of the following numerical simulations 
and experiments, Table 1 lists all the actuator di-
mensional parameters (for detail please refer to Fig.1 
and Fig.2a) and Table 2 lists all other parameters 
adopted unless otherwise stated. Fig.3 shows the 
magnetization characteristics of the material used for 
both type actuators’ armature and stator core. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
` 
 
 

Electromagnetic field sub-model 
2D axisymmetric FEA models can be built to 

Table 2  Data for modeling the system 

Parameter Value 
Electric permittivity of free space ξ0 (F/m) 8.85×10−12 
Actuator material electrical conductivity  
σ (S/m) 

1×106 

Coil resistance R (Ω) 3.2 
Density of the material ρ (kg/m3) 7.65×103 
Damping coefficient of air b (N·s/m) 1.8×10−5 
Absolute ambient pressure Pa (N/m2) 1.01×105 

Table 1  Specification of the E-type and ε-type actuators
Dimension 

(mm) 
E-core 

and armature 
ε-core 

and armature 
dh 4 4 
dc 8 8 
df 16 16 
la 1.5 1.5 
da  19 
dae 19  
din 3.6 3.6 
daε  11.4 
l1e 13  
l1ε  13.9 
l2e 11.5  
l2ε  12.4 
l3ε  0.9 
d1  10.6 
d2  8.8 
d3  6.8 
d4  5.2 
ds  10 

Fig.2  Definitions of dimensional parameters for (a) the
proposed ε-core stator and disk armature, (b) sche-
matic cross section of the prototype valve and (c) top
view of the body III  
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simulate both actuators (Figs.1 and 2). Assuming that 
the material used for the actuator is isotropic and its 
hysteresis can be neglected, electromagnetic fields 
are governed by Maxwell equations (Eqs.(1)~(4)) 
with displacement currents ignored (quasi stationary 
limit) while the constitutive equation is expressed as 
Eq.(5) (Nannapaneni, 2004): 
 

 ( , ) ( , ),r t r t∇× =H J  (1) 
 ( , ) 0,r t∇ ⋅ =B  (2) 

 ( , )( , ) ,r tr t
t

∂
∇× = −

∂
BE  (3) 

 
0

( , )( , ) ,r tr t ρ
ξ

∇ ⋅ =E  (4) 

 ,   ,v σ= =H B J E  (5) 
 
where H is the magnetic-field intensity, r is the radial 
coordinate in the cylindrical coordinate system, B is 
the magnetic flux density, J is the current density, E 
is the electric-field intensity, ρ is the volumetric 
charge density, ξ0 is the electric permittivity of free 
space, v is the material reluctivity, and σ is the elec-
trical conductivity. 

By introducing magnetic vector potential A and 
electrical scalar potential φ, and combining with 
Coulomb gauge condition and Dirichlet boundary 
condition, Maxwell equations can be expressed as 
(Pawlak and Nehl, 1988; Khan et al., 2007): 
 

 ,= ∇×B A      (6) 

 0,
t

ϕ∂⎛ ⎞∇ ⋅ −∇ =⎜ ⎟∂⎝ ⎠

A     (7) 

 d( ) ( ),
d

v
t t

δσ σ∂
∇× ∇× = − + × ∇×

∂
AA J A    (8) 

where δ is the armature displacement. 
In the transient case with motion, an additional 

circuit equation should be simultaneously solved 
with the partial differential equation of the magnetic 
field. The following voltage equation is used to 
couple the electric and magnetic models: 
 

 d d ( , )( ) ( , ) ,
d d
I L IU t IR L I I
t t x

δ δδ ∂
= + +

∂
 (9) 

 
where U, I, R, L are the external energizing voltage, 
coil current, coil resistance and wound coil reluc-
tance, respectively. 

The total solenoid force Fmag produced by the 
actuator can be derived by integrating the Maxwell 
stress tensor T over the surface S surrounding the 
armature as Eq.(10): 
 

 mag d .SF S= ∫ Tn  (10) 

 
Mechanical sub-model 

Taking solenoid force, moving mass, viscous 
damping and pressure force into account and apply-
ing Newton’s 2nd law, the governing equation for the 
armature can be expressed as 
 

 
2

mag p2

d ( ) d ( ) ,
d d

t tF m g b F
t t
δ δ⎛ ⎞

= + + +⎜ ⎟
⎝ ⎠

    (11) 

 m ,m Vρ=       (12) 
 
where g is the gravity, b is the viscous damping co-
efficient of the air, Fp is the pressure force acting on 
the armature, and m, ρm and V are the mass, material 
density and volume of the armature, respectively. 

Referring to Fig.2b and Fig.2c, Eq.(13) can be 
used to estimate the static pressure force, Fsp, acting 
on the armature when it is released by the magnetic 
core (closed state): 
 

2 2 2 2
2 3 s a sp 1 4 s a

π π( )( ) ( )( ), (13)
4 4

d d P P F d d P P− − ≤ ≤ − −

  
where Ps and Pa are the pressures at the valve inlet 
and outlet ports, respectively.  

The flow status at the time when the armature is 
caught with the magnetic core (Fig.4) takes into ac-
count that there are grooves in the lower surface of the 
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Fig.3  Initial magnetization curve for E-type and ε-type
actuators 
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Pin

Pout

magnetic frame and that the height of the magnetic 
core is a little less than that of the frame. Following 
Karidis and Turns (1982), we assumed that even 
when the valve was fully opened, there was still some 
clearance (about 0.01~0.02 mm) between the upper 
face of the armature and the lower face of the mag-
netic core shoulder. Owing to the fact that the clear-
ance has the same magnitude as the small air gap 
length (0.05~0.10 mm), it can be assumed that the 
flow status during the armature movement (moving 
state) was the same as that when the armature was 
caught by the magnetic core (opened state). Therefore, 
the governing equation for static pressure force acting 
on the armature at the opened state has the same ex-
pression as that used for the dynamic pressure force 
acting on the armature. This pressure force can be 
obtained from the Navier-Stokes equations as 
 

 
2 2
3 4

dp s a
4 3

π( )
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SIMULATION AND EXPERIMENTAL ANALY-
SIS 
 
Static simulation and comparison 

For the steady-state force, constant current was 
adopted to excite the coil. The simulated static 
force-displacement and armature acceleration- 
displacement characteristics of the two actuators are 
plotted in Fig.5 as lines of constant magnetomotive 
force (MMF) values up to 1000 A (magnetic satura-
tion). The accelerations were obtained by dividing 
the simulated solenoid forces by armature weight. 

When the air gap length is small, the steady 
static solenoid forces produced by the ε-type actuator 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
are larger than those produced by the E-type actuator 
(Fig.5a). However, as the air gap length increases, 
the steady static solenoid forces produced by the 
ε-type actuator tend to be lower. Actuators for ejector 
valves typically operate at saturation conditions and 
their stroke lengths are less than 0.1 mm (Khan et al., 
2007). The steady static solenoid forces of both ac-
tuators are almost the same in these situations 
(Fig.5a). Because the armature weight is considera-
bly reduced by the ε-type actuator (by 65% here), the 
steady state armature acceleration of the ε-type ac-
tuator is obviously larger than that of the E-type 
actuator. For example, when the air gap has a typical 
length of 0.08 mm and under an excitation of 1000 A, 
the solenoid force and armature acceleration pro-
duced by the ε-type actuator are 66 N and 5.8×104 
m/s2, compared with those of 70 N and 2.2×104 m/s2, 
produced by the E-type actuator, respectively. This 
feature of the ε-type actuator will enable it to respond 
faster than the E-type actuator. 

Fig.4  Flow status when valve is fully opened

Fig.5  Simulated force-displacement (a) and accelera-
tion-displacement (b) characteristics for the ε-type 
(solid lines) and E-type (dashed lines) actuators de-
scribed in Table 1 
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Experimental setup 
As the actuator stroke length is typically in the 

range of 0.05 ~0.10 mm, it is difficult and expensive 
to establish an experimental setup to accurately ob-
tain the actuator force-displacement characteristics. 
Therefore, only a dynamic measurement setup was 
manufactured to validate the FEA model. Fig.6a 
shows the experimental setup used to detect the 
prototype valve dynamics. A laser sensor placed at its 
reference distance (150 mm) is used to detect the 
displacement of the armature. The hole in the bottom 
face of body III is turned large enough to ensure that 
the laser emitting from the sensor can pass through it 
and through the ventilated hole freely. Different work 
conditions can be easily realized by adjusting the 
regulator and the adjustable power supply. To avoid 
overheating the coil, a sophisticated energizing 
method (Seilly, 1979), integrated in the amplifier 
circuit (Fig.6b), is adopted to control the prototype 
valve. An adjustable parameter 10-kHz pulse width 
modulation (PWM) signal generated by NI/PCI-6251 
multi-functional acquisition card is used to switch the 
power electronics. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dynamic simulation and experiment 

The dynamic characteristics of the ε-type ac-
tuator and the E-type actuator were compared with 
simulation results. For ease of comparison, constant 

exciting voltage is applied to the coil directly with-
out any control strategy to make sure that the ar-
mature can be caught by the magnetic core. Initial 
conditions such as preload force, damping coeffi-
cient, etc., were all set to be the same for each ac-
tuator. The clearance between the contacted face of 
the armature and the magnetic core was experi-
mentally set to 0.015 mm. 

Fig.7 shows typical simulated sets of dis-
placement curves for an ε-type actuator (solid lines) 
and a conventional E-type actuator (dashed lines). In 
particular, Fig.7a compares the effect of air gap 
length on the actuator movement when uniform ex-
citing voltage (24 V) and preload force (13 N) are 
applied to both actuators. It clearly shows that the 
proposed ε-type actuator responds faster to the ex-
citing signal than the E-type actuator. Quantitatively, 
RTs of the ε-type actuator at air gap lengths of 0.05 
mm, 0.08 mm and 0.1 mm are decreased by 22%, 
12% and 11%, respectively. Fig.7b compares the 
effect of external exciting voltage on the actuator 
movement when the same preload force is applied to 
both actuators. RTs of the ε-type actuator under ex-
citing voltages of 24 V, 18 V and 12 V at 0.05 mm air 
gap length are decreased by 19%, 18% and 19%, 
respectively. Fig.7c compares the effect of preload 
force on the actuator movement when a uniform 
exciting voltage (24 V) is applied to both actuators. 
RTs of the ε-type under preload forces of 13 N, 20 N 
and 30 N at 0.05 mm air gap length are decreased by 
20%, 19% and 22%, respectively. 

Fig.8 shows the simulated (dashed lines) and 
experimental (solid lines) results of coil current and 
armature displacement for two fabricated prototype 
valves. The prototype valve in Fig.8a has an air gap 
length of 0.05 mm. It is excited by a 24 V, 0.3 ms 
pulse and operates under a pressure of 2.5×105 N/m2 
(static pressure force is about 13 N). The prototype 
valve in Fig.8b has an air gap length of 0.07 mm and 
is excited by a 24 V, 0.8 ms pulse and operates under 
a pressure of 3.5×105 N/m2 (static pressure force is 
about 20 N). The oscillatory response of the ex-
perimental displacement curves occurring at the end 
of the armature movements (caught or released by 
the magnetic core) is caused by the frontal collisions 
between the armature and the magnetic core (or body 
III). This feature helps the valve open (or close) 
quickly when operating at high speed. The simula-
tion results show a good agreement with the ex-
perimental results. 
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CONCLUSION 
 

Balancing increasing solenoid force and de-
creasing armature acceleration is a critical problem in 
improving the dynamic response of high-speed 
electro-pneumatic valves. In this paper, we have 
proposed a solution to this problem by developing an  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
ε-type actuator. Simulation results showed that the 
proposed ε-type actuator achieved a reduction of 
almost 65% in moving mass weight without a sig-
nificant loss of steady state solenoid force in the 
actuator. This enabled the ε-type actuator to respond 
much faster than the conventional E-type actuator. In 
particular, it showed a 20% decrease in the RT to the 
external exciting signal under different work condi-
tions. Experimental results from prototype valves 
validated the results of the simulations. The principle 
of the proposed ε-type actuator represents a new 
approach to further optimization of the design of 
high-speed electro-pneumatic ejector valves. 
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