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Abstract: Electromagnetic linear actuators, as key executive components, have a vital impact on
the performance of fully flexible variable valve trains. Considering that the conventional moving
coil electromagnetic linear actuator (MCELA) has the disadvantages of low force density and a lack
of end-passive self-holding ability, a novel composited electromagnetic linear actuator (CELA) is
proposed by combining the performance advantages of MCELA and moving iron electromagnetic
linear actuator (MIELA) in this work. Firstly, the structure and magnetic circuit design scheme of
the proposed actuator are introduced and the finite element simulation model is established. The
magnetic field distribution and force characteristics of the actuators are assessed by finite element
simulation. Secondly, the construction of the prototype of the actuator is outlined, based on which
the feasibility of the design scheme and the steady-state performance of the actuator are verified.
Finally, the coordinated control strategy is proposed to realize the multi motion coordination control
of the actuator. The research results show that the maximum starting force of the CELA with the
end-passive self-holding ability is 574.92 N while the holding force can approach 229.25 N. Moreover,
the CELA is proven to have excellent dynamic characteristics and control precision under different
motion modes and to have an improved adaptability to the complex working conditions of internal
combustion engines.

Keywords: composited electromagnetic linear actuator; internal combustion engine; magnetic field

analysis; multi-mode coordination control

1. Introduction

After more than 100 years of development, internal combustion engines are widely
used in various fields such as the automobile, ship, energy and national defense sectors, and
play an important role in national economic development and national defense construction
owing to its incomparable advantages in energy density, thermal efficiency, fuel flexibility
and reliability [1-4]. The large-scale application of internal combustion engines entails
massive consumption of fossil energy and causes environmental pollution to a certain extent.
Therefore, the development of new, efficient, green and clean technologies has become
the focus of the internal combustion engine industry all over the world. In particular, the
fully flexible variable valve technology can replace the traditional camshaft mechanism
and realize the independent, real-time and continuous movement regulation of inlet and
exhaust valves in the whole range of working conditions through motion servo control,
which has a great potential to improve the efficiency of internal combustion engines and
reduce emissions [5,6].

The electromagnetic valve train is a typical representative of fully flexible variable
valve technology, and the electromagnetic linear actuator is the core of the electromag-
netic valve train [7-10]. In recent years, the electromagnetic linear actuator has played
an increasingly important role in many industrial applications [11,12], such as service
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valves [13], and aeronautical and fluid control systems [11]. With the rapid development of
high-magnetic-energy rare-earth permanent-magnet materials, manufacturing technology
and motion control theory in recent years, the response, accuracy and other motion servo
performance and structural compactness of electromagnetic linear actuators have been
continuously improved. However, many challenges are still faced under the complex and
changeable working conditions of internal combustion engines. In particular, when the
exhaust valve is opened, the high pressure gas load in the cylinder will seriously affect the
dynamic characteristics of the actuator, resulting in the decline of the thermal cycle quality
of the internal combustion engine [14].

As the mainstream driving unit of valve trains, MIELA has the advantages of compact
structure and high force density [15], but its single electric excitation type will lead to high
energy consumption. The American company Engineering Matters, and Waindok, Yang
and Professor Li Xinghu's team proposed hybrid excitation schemes with better driving
efficiency and considerable, end-passive self-holding capability [16-20]. However, the
inherent nonlinear output driving force of MIELA limited the dynamic performance and
control accuracy of the mechanism [21]. As with MIELA, the moving magnetic type was
also based on the principle of minimum reluctance in the magnetic circuit. The German
company Compact Dynamic [22] and Professor Mercorelli’s team [23] proposed a variable
valve train scheme based on moving magnetic actuator. However, for the reason that its
mover was a permanent magnet, the magnetic field changed obviously in the working
process, which increased the difficulty of control.

In recent years, MCELA has attracted extensive attention. The working magnetic field
of MCELA is generated by the permanent magnet, and the distribution does not change
significantly. This kind of actuator has linear output force, fast response and good control
performance. However, MCELA has a low force density, and its dynamic performance
needs to be improved when facing high-pressure exhaust gas in the cylinder of internal
combustion engines [24,25], and it also lacks end-passive self-holding capacity, which will
lead to increased energy consumption.

To this end, a composited electromagnetic linear actuator with fast response, high
efficiency and energy saving features (CELA) is proposed in this paper. In the following, the
theoretical analysis and finite element simulation analysis will be carried out on the main
structures (MCELA and MIELA) of CELA. Meanwhile, the coordinated control strategy is
proposed, and the dynamic performance test is carried out to verify the feasibility of the
composited structure.

2. System Structure Design

Figure 1 shows the structure of the composited augmentation-type electromagnetic
linear actuator, which is mainly composed of two parts: MCELA and MIELA. They are
connected in series, and are fixed with each other through the connecting baffle. Their
movers are rigidly connected by mover connecting rod. Two compression springs are fixed
in a constant compression state.

MCELA is the main driving component whose coil bracket is directly connected with
the valve and the valve motion control is realized by controlling the coil current. By
adopting the Halbach array [26,27] in the internal magnetic field to strengthen the air gap
magnetic field strength, MCELA has the characteristics of linear output force and good
control performance.

MIEIA is an auxiliary driving component based on the principle of minimum reluc-
tance, and it is connected with the coil bracket of MCELA to follow its movement. In
addition, MIELA has end-passive self-holding capacity.
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Figure 1. Structure of CELA.

The working principle of CELA can be divided into two modes according to the
magnitude of gas load under different working conditions: The cooperative drive control
is carried out when the load is large. The coils of MCELA and MIELA are both powered
on, and the electromagnetic force they output in the same direction drives the valve. At
this point, MIELA acts as the power assistance and the driving capacity of the system is
improved. When the load is small, only MCELA is powered on, which outputs electromag-
netic force to drive the air valve. At this point, MIELA follows passively, and the system
energy consumption is reduced.

The CELA combines the performance advantages of MCELA and MIELA, and has the
following characteristics:

(1) High efficiency and energy-saving capacity: the actuator has a large driving force to
meet the needs of various occasions, and it also has end-passive self-holding capacity
and saves the electric energy that is needed to overcome the gas pressure at the end of
the stroke.

(2) High precision: through the integrated design and collaborative control of MCELA
and MIELA, the control accuracy of CELA is improved.

In order to decouple MCELA and MIELA electromagnetically, it is necessary to sim-
plify the complexity of the model and design scheme. In the integrated design of the
composite structure, they have no contact with each other. The preliminary simulation
analysis shows that the magnetic field interference between them can be ignored. Therefore,
the two are first analyzed independently, then the force characteristics of the composited
structure are studied and verified by means of experiments.

2.1. The MCELA

The MCELA is composed of an inner and outer yoke, a coil, a coil bracket, an end
cover and a permanent magnet, as shown in Figure 1.

The working magnetic field of the MCELA is generated by the permanent magnet,
which is divided into a long permanent magnet (radial magnetization) and a short per-
manent magnet (axial magnetization), and the magnetic flux is the superposition of the
magnetic flux generated by the long permanent magnet and the short permanent magnet.
The working air gap is a cylinder with an inner diameter of 71 and an outer diameter of r,.
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The coil moves up and down in the working air gap, which will produce an axial Lorentz
force F through the magnetic field when the current I is applied.

By neglecting the leakage flux [28], the corresponding equivalent magnetic circuit can
be simplified as shown in Figure 2. The figure illustrates the location of the magnetic flux
¢; of the long permanent magnet and the magnetic flux ¢ of the short permanent magnet
in the air gap, where the arrow indicates the direction of the magnetic flux.

@,

Ro
m N
5| L L ‘|57
=== re | Ry
T \%— ¢S gb,
j r R Ro| [Ra
L 4 g A L— R —

Figure 2. Magnetic Circuit of MCELA.

In Figure 2, Rp represents the equivalent reluctance of the long permanent magnet. rp
stands for the equivalent reluctance of the short permanent magnet. R is the reluctance
of the outer yoke. R is the end cover’s reluctance. R is the air gap’s reluctance. Rj is
the inner yoke’s reluctance. Rp is the outer yoke’s reluctance. M and m represent the
magnetomotive force of the long permanent magnet and the short permanent magnet,
respectively.

According to the formula of the reluctance, the reluctance R¢ can be calculated as follow:

dr lnry—Inr

R = =
¢ rn 27rugl 2mtppl

M

o is the air permeability and r is the radius of the cylinder in the working air gap,
which ranges from r; to r;.
The magnetomotive forces of the long and short permanent magnets are as follows:

m = H.Lg 3)

Compared with the air gap reluctance, the reluctance of the inner and outer yoke, end
cover and permanent magnet is small and can be neglected. The magnetic flux in the air
gap can be expressed as follows:

o Hchm + HCLS _ ZNVOLZ(Hchyn +HcL5)

¢= R¢ Rg Inry — Inry @

B— ¢ _ 2mpg(Hehy + HeLs)
LiLg Lo(Inry — Inrq)

©)

where H, is the magnetic coercive force of the PM and L is the circumference of a single
winding, which is equal to 27t(r; — r1) when taking the middle of the air gap as the
winding radius.

The magnitude of electromagnetic force can be calculated by the Lorentz force formula.

F = BIL (6)

L is the length of coil wire and I is the current through the coil.
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2.2. The MIELA

MIELA is mainly composed of an armature, an outer yoke, a magnetic guide ring, a
coil bracket and a coil, as shown in Figure 3.

The end position

Permanent magnet 1

Permanent magnet 2

Figure 3. Structure and magnetic circuit analysis diagram of MIELA.

The representative stroke position, two ends and the middle are given as examples in
Figure 3. For the convenience of description and distinction, the lower permanent magnet is
called permanent magnet 1, and the upper permanent magnet is called permanent magnet 2.
The magnetization direction of the permanent magnet is also marked in Figure 3. When
the mover armature is at the beginning and end of the stroke, it is close to the outer yoke,
which is called the end position.

2.2.1. In the Passive State, the Magnetic Flux of MIELA Is Composed of Permanent Magnets

e Lower-end steady state (Figure 3a):

Permanent magnet 1 generates one magnetic flux and permanent magnet 2 generates
another magnetic flux. Magnetic flux 2 starts from permanent magnet 2 and enters the
armature through the magnetic guide ring. Since the air reluctance is much greater than the
armature reluctance, magnetic flux 2 goes down and merges with magnetic flux 1, passes
through the armature and enters the lower outer yoke. The overall magnetic field at the
lower end is strong, and the resultant force on the armature is downward.

e  Middle steady state (Figure 3b):

When the armature is in the middle of the stroke, the magnetic flux generated by the
two permanent magnets is completely symmetrical. The magnetic fields counteract each
other and the armature is not stressed.

o  Upper-end steady state (Figure 3c):

When the armature is at the upper end, it is completely symmetrical with the magnetic
field at the lower end, and the armature is forced upward.

When the armature is in the stroke, the closer to the end, the greater the force exerted
on the armature.

2.2.2. In the Active State, the Magnetic Flux of MIELA Is Composed of Permanent Magnet
and Energized Coil

The armature moves from the lower end to the upper end, magnetic flux 7 (generated
by the coil) is superimposed with magnetic flux 8 (generated by permanent magnet 2), and
the armature is forced upward. As the armature moves closer to the upper end, the air
gap decreases, the reluctance of the magnetic flux decreases, and the electromagnetic force
becomes larger.

In particular, when the armature is located at the lower end, as shown in Figure 3d,
with the increase in the excitation current, the saturation of the magnetic guide ring and the
permanent magnet is significant, and an additional magnetic flux 13 appears. Moreover,
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magnetic flux 13 is strengthened with the increase in the current, which will weaken the
output electromagnetic force.

When the MIELA is not electrified, the force on the moving armature is generated
by the permanent magnets. According to Maxwell’s electromagnetic suction formula, the
suction F; generated by the magnetic flux ¢ of the permanent magnet through the working
air gap 4; at one end can be expressed as follows:

F = B12A; _ $12
2ug 219 Aq

@)

where Fj is the suction generated by the permanent magnet at one end of the air gap 4.
Bj is the magnetic induction of the permanent magnet in the working air gap d1. A; is the
end area of the armature in the working air gap ;. y is the vacuum permeability, which
has a clearly defined value of 47t x 1077 H/m, and ¢ is the flux of the permanent magnet
through working air gap 9.

The suction at the other end can be expressed as follows:

_ B?Ay  ?
2ug 2ugAs

®)

where F, is the suction generated by the permanent magnet at one end of the air gap d,, By
is the magnetic induction of the permanent magnet in the working air gap 6, and A5 is the
end area of the armature in the working air gap 6.

The resultant force acting on the armature can be calculated as follows:

Bi?A;  By’A,  ¢? ¢

Fr=F-FK= - = - 9
T T w2 2moAn 2u0ds ©
The reluctance of working air gaps J1 and ¢, are expressed as follows:

h h

Ri= — = 10

LT AT A (10)
I I

R, = = = 11

2= T ey (11)

where R; is the reluctance of air gap J1, R; is the reluctance of air gap Jp and yu is the
air permeability. Since the air in the air gap is non-ferromagnetic material, it is generally
considered that the permeability is equal to the vacuum permeability .

Since the areas of both ends of the armature are equal (A; = Ay = A), the following
relationship can be obtained according to the principle of magnetic circuits:

Bi ¢ Ry b

= _ 22 _ 2 12
B, ¢ R L (2
Formula (9) can also be simplified:
A(B2 = BY) _ ¢n® — ¢
Fr=F—-FK= = 1

R=h—-h 20 20A (13)

Substituting Formula (12) into Formula (13):

zl> AB;? <zz > AB?

Fr=[(1-——+ =(=-1 14
. ( ) 2uo hh 2y 14

When Iy = I, Fr = 0, that is, when the armature is in the middle position, the length /4
and [, of the air gap J; and J, at both ends are equal, and the resultant force of the armature
is 0. When I; < Iy, the suction is upward. The greater the difference between /1 and I,
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2
the greater the suction, and there is a maximum value gﬁz . When Il; > I, the suction is

downward. Similarly, the greater the difference between 1 and I, the greater the suction,

and there is a maximum value % in the opposite direction.

When the coil is energized, the control magnetic field generated by the coil and the
polarized magnetic field generated by the permanent magnet are superimposed on each
other. The resultant force of the armature is expressed as follows:

_ A[(By +Bc)® — (B2 + Bc)?]
Fr = 200 (15)

B¢ represents the magnetic induction intensity generated by the energized coil.
The above theoretical analysis has qualitative guiding significance. Through prelimi-
nary design, the main structural parameters of CELA are shown in Table 1.

Table 1. The preliminary parameters of CELA.

Item Value Unit
Height 113.9 mm
Conductor diameter 0.67 mm
MCELA Coil turn 240 _
Resistance 1.27 (@)
Inductance 6.02 x 1074 H
Height 52 mm
Conductor diameter 0.85 mm
MIELA Coil turn 534 _
Resistance 2.25 @)
Inductance 7.69 x 1073 H
Total height 209.4 mm
CELA Mover mass 188.6 g
Stroke 8 mm

3. Three-Dimensional Finite Element Simulation

Three-dimensional finite element (FE) models of MIELA and MCELA were established
in the electromagnetic analysis software JMAG to calculate the magnetic field distribution
of the actuator.

3.1. MCELA

The finite element model of MCELA is shown in Figure 4. In this figure, the coil is
in the middle of the stroke, and the arrow indicates the magnetization direction of the
permanent magnet. A Halbach array is adopted in the permanent magnet arrangement,
which effectively enhances the magnetic flux density on the side of the working air gap.
The permanent magnet is made of NdFeB with good performance, and the end cover and
inner and outer yoke are made of 1008 steel with strong magnetic conductivity. The coil
bracket adopts light-weight, high-strength engineering plastics, which reduces the mass of
the movers and reduces the impact on response speed, thus ensuring the strength and life
of the actuator.

The magnetic field distribution of MCELA is shown in Figure 4. It can be seen that the
magnetic flux distribution is denser and more uniform in the coil, the magnetic flux density
is larger in the upper and lower end covers, and the inner and outer yokes are parallel to
the axial magnetized permanent magnet.
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Figure 4. Magnetic flux density cloud and magnetic flux density vector plots of MCELA.

The air gap where the coil is located

The magnetic flux density distribution curve at the air gap is shown in Figure 5.
Compared with the common array, Halbach array has higher magnetic flux density, and the
air gap magnetic flux density curve shows a flat peak within the coil motion range. Within
this range, the magnetic flux density is relatively uniform, with smooth force characteristics
and good control performance.

1.5 T T T T T T
Halbach array
Common array

LOF

05F

Magnetic Flux Density (T)

0 20 40 60 80 100 120

Distance (mm)

Figure 5. Magnetic flux density distribution curve.

After the current is applied to MCELA, the magnetic field generated by the perma-
nent magnet interacts with the current carrying coil to generate electromagnetic force,
which drives MCELA to move in a straight line. Figure 6 shows the steady state force—
displacement characteristic simulation curve of MCELA, which shows the relationship
among the electromagnetic force, the coil position and the current. It can be seen from
Figure 6 that under one current, the electromagnetic force basically tends to be stable,
reaching the maximum at the middle position, and becomes slightly smaller at both ends,
which is due to the end effect of MCELA. When the coil position changes, the fluctuation
range of the electromagnetic force is about 16 N. Its characteristic curve has good linearity,
which is conducive to obtaining good control performance. Therefore, MCELA can be used
as the main driving component. The current is proportional to the electromagnetic force
and its ratio is called the force constant, which is determined by the magnetic induction
intensity and the effective length of the coil in the magnetic field. After simulation, the
force constant is about 24.
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Figure 6. Steady-state force—displacement characteristic simulation curve of MCELA.

3.2. MIELA

The finite element model of MIELA, with a stroke of 8mm, is shown in Figure 7.
The armature, outer yoke and magnetic guide ring in the model are made of 1008 steel
with strong magnetic conductivity and low cost, and the permanent magnet is made of
NdFeB. The coil framework is made of lightweight and high-strength engineering plastics.
Encryption was carried out on the meshes of the parts with dramatic magnetic field changes.
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Figure 7. Structure and magnetic flux density vector plots of MIELA.

Figure 7 also shows the electromagnetic field distribution of the armature in different
positions under the passive and active states obtained by simulation of the finite element
model. It can be seen that the simulation results are consistent with the results of the
previous theoretical analysis. The magnetic field changes sharply at the armature, the outer
yoke seating position and the magnetic guide ring. The variation law of the magnetic field
is the same as that obtained in the theoretical analysis and will not be repeated here.

Figure 8 shows the steady-state force characteristic simulation curve of MIELA. The
positive and negative values in the graph only represent the direction, regardless of the size.

Compared with MCELA, the force-displacement characteristic curve of MIELA is
significantly nonlinear. The advantage of MIELA is that it can provide a certain passive
holding force (the force on the armature when it is at the end in the passive state) at the
end of the stroke, which is beneficial to reduce the energy consumption when remaining
open or closed. MIELA can also provide a certain starting force (the force on the armature
in the direction of the target when it is at the end in the active state).
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Figure 8. Steady-state force characteristic simulation curve of MIELA: (a) force-displacement charac-
teristic curve; (b) force—current characteristic curve.

Based on the above characteristics, it is feasible to use MIELA as an auxiliary driving
component to provide passive self-holding ability and auxiliary force.

3.3. CELA

CELA is composed of the above two main components MCELA (the main driving
component) and MIELA (the auxiliary driving component). The movers between MCELA
and MIELA are rigidly connected, so their forces can be coupled directly. There are
two symmetrical springs whose stiffness coefficient is 9.8 N/mm between them, and the
precompression is 0.4 mm. The steady-state force characteristics of CELA can be obtained
directly by combining them. The composite structure of CELA can take into account the
performance advantages of MCELA and MIELA, with high starting force and end-passive
self-holding force. The specific force characteristics are shown in Figure 9.
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300+ i L A
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- &4 -MCELA i
=300 - ——CELA i 7
—400 L L [l I !
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Displacement (mm})

Figure 9. Steady state force—displacement characteristic simulation curve of CELA.

The starting force of CELA can reach 574.92 N. During the first half of CELA’s stroke,
MIELA applies a constant current of 11A to achieve the maximum starting force and assist
the start of the actuator, which is used to overcome the interference of the gas pressure in the
cylinder. According to the previous research, the gas load force will decrease significantly
in the second half stroke [29], and additional assistance will no longer be needed. Therefore,
MIELA does not need to be powered on in the second half stroke, which can further reduce
the energy consumption and the seating impact force. At the end of the stroke, the passive
holding force of CELA is 229.25 N due to the effect of the spring force.
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4. Verification of Experimental Results
4.1. The Steady State Experiment

The steady state force characteristic experimental bench of MCELA is shown in
Figure 10. A digital signal processor with a clock frequency of 150 MHz is used as the
digital controller. An S-type force sensor is adopted to measure the force signals and current
sensor (ACS712) is employed to collect the current signals.

Laser displacement sensor S-type force sensor

MCELA Side plate

Bench pedestal Threaded rod

Customized MCELA connector Clamp nut

Figure 10. Composition of the steady-state force characteristic experimental bench of MCELA.

The actuator is fixed with bench pedestal, and connected with the S-type force sen-
sor through the customized MCELA connector, and the other end of the force sensor is
connected with the side plate through the threaded rod. The threaded rod can change
the position of the mover by adjusting the nut, and the fixed position can be achieved by
screwing the clamp nut. The laser displacement sensor is fixed at the other end of the bench
pedestal and the laser directly strikes on the end face of the mover to observe the position
of the mover. By cooperating with the threaded rod and nut, the position of the mover can
be accurately adjusted.

In this experiment, different currents are applied to MCELA to measure its electro-
magnetic force characteristics. Figure 11 shows the measured and simulated values of
electromagnetic force characteristics at different positions under different currents. It can
be seen that the curves obtained by experiment and simulation are in good agreement.
At the same time, the electromagnetic force changes little with the position of the mover,
which shows that the electromagnetic force is only slightly affected by the position of the
mover. According to the results of simulation and experiment, the force constant is 24.

450 T T T T T

— The simulation value
The experimental value
400 - B
___‘-q?—At?-—g: 17.1A
Z o350f = T 15.7A |
v
2 ——— 143A
= 300t E
12.9A
250 b 11.5A
200 1 1 1 1 1
-4 -2 0 2 4 6

Displacement (mm)
Figure 11. Steady-state force—displacement characteristic experimental curve of MCELA.
Through the same test method, the steady-state force displacement characteristic

curve of MIELA can be obtained. As shown in Figure 12, the experimental data are in good
agreement with the simulation results.
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Figure 12. Steady-state force characteristic experimental curve of MIELA: (a) force-displacement
characteristic curve; (b) force—current characteristic curve.

Finally, the steady-state force characteristic curve of CELA can be obtained, as shown
in Figure 13.
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Figure 13. Steady-state force-displacement characteristic experimental curve of MIELA.

4.2. The Dynamic Experiment

The dynamic experimental system is shown in Figure 14. A resistance displacement
sensor is adopted to measure the motion of the actuator. Two pairs of PWM signals are
generated from one event manager in the digital signal processor, and these are used to
switch the IGBT H-bridge and offer MCELA and MIELA, respectively, with voltages.

Mover connecting rod Fixed end cover
MCELA Connecting baftle
~
& .L- @ ¢ o e
. el .

m?'—”’ﬁ' Ty, ]

Axle E.lccx?c MIELA

Resistance displaccment sensor Compression spring
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Figure 14. Dynamic experimental system: (a) composition of the dynamic experimental system;
(b) composition of the dynamic experimental bench of CELA.



Actuators 2022, 11, 6

13 of 16

A multi-mode coordinated control strategy is designed for the motion control of CELA:

1. The cooperative drive mode is adopted when the load force is large and both actuator
coils are energized to generate high driving force to overcome the load;

2. When the load force is small, the coil of MCELA is energized separately, and MIELA
moves with it to reduce the energy consumption of the system.

The inverse system control method is adopted to realize the accurate control of the
stroke position. Taking the MIELA model as the controlled object, the current control
method of feedforward + PI feedback is adopted to realize the accurate control of the
output force. The block diagram of the control system is shown in Figure 15. The design
and implementation of the algorithm will be presented in another article, and will not be
described here.

State
feedback State

controller ‘ observer
MCELA -
, Inverse
F o

control signal
system

Load signal p; | Mullimode

—  coordinated Pi e Single drive mode

controller [ & L0 mey —
MIELA |

control signal Switching| . P3P Feedforward -~ 42
- ;
control | control

Load threshold p, Pl feedback
control

Cooperative drive mode

CLLA

Figure 15. Block diagram of the experimental system.

In order to facilitate the analysis of dynamic characteristics, it is necessary to set the
right end point as the starting point (0 mm) and the left end point as the end point (8 mm).

4.2.1. Single Drive Mode

This working mode is implemented when MIELA is not powered on. Figure 16 shows
the variation law of the mover displacement and MCELA current in the single drive mode.
In the first half of the stroke, the current is positive, and the mover accelerates. In the
second half of the stroke, the current is reversed, and the mover begins to decelerate, so
that the effect of the seating bulffer is achieved, and the maximum current reaches 13.66 A.
The current is 0 A when the mover reaches the end position, which means that there is no
power consumption due to the constant end-holding force. The transition time (the time
required for the mover to move from 5% stroke to 95% stroke) is 6.9 ms. It can be seen from
the local enlarged drawing that the actuator can accurately reach the specified stroke of
8 mm, and the steady-state error (the fluctuation range when it is stabilized at 8 mm) is
within £0.02 mm.
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Figure 16. Variation curve of mover displacement and current in single drive mode.
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Displacement {mm)
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Unlike the traditional cam-driven valve mechanism, the variable valve’s electromag-
netic drive can achieve full flexibility and adjustability. Through signal adjustment, the
valve opening can be adjusted by adjusting the lift, as shown in Figure 17a.
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Figure 17. CELA can achieve full flexibility and adjustability in the single drive mode: (a) CELA lift
is adjustable; (b) CELA duration is adjustable.

The CELA duration (the period from start to the end of end retention) can also be
flexibly adjusted. Figure 17b shows the experimental curve of the adjustable end-holding
time of CELA in the single drive mode. The end-holding times of the mover are 10 ms,
15 ms and 20 ms, respectively.

4.2.2. Cooperative Drive Mode

In the cooperative drive mode, both MCELA and MIELA are powered on at the same
time. Figure 18 shows the current of MCELA and MIELA as well as the mover displacement
curves. The current of MIELA is loaded in advance to achieve the ideal driving state, and
the peak current is 9.80 A. The peak current of MCELA will decrease, by up to 8.30 A, due
to the presence of no additional load force under the experimental condition. Meanwhile,
the transition time of the actuator is reduced to 4.8 ms, which is shorter than that in the
single drive mode. The actuator can accurately reach the specified stroke of 8 mm too, and
the steady-state error is also within £0.02 mm.
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Figure 18. Mover displacement and current variation curve in cooperative drive mode.
The cooperative drive mode can also be fully flexible and adjustable, and can still

maintain a good motion law under the conditions of different displacements and different
end-holding times, as shown in Figure 19.
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Figure 19. CELA can achieve full flexibility and adjustability in cooperative drive mode: (a) CELA
lift is adjustable; (b) CELA duration is adjustable.

5. Conclusions

A new structural scheme of a composited electromagnetic linear actuator (CELA),
which combines the performance advantages of MCELA and MIELA, is proposed. The
magnetic field distribution and force characteristics are analyzed through theoretical anal-
ysis and simulation analysis, and the multi-mode coordinated motion control strategy
is established. An experimental platform was built to verify the steady and dynamic
characteristics of CELA, indicating that the design scheme is feasible.

1. InCELA, MCELA (which has linear output force and good control performance) is the
main driving part. As the auxiliary driving component, MIELA provides end-holding
force and selective driving power.

2. A multi-mode motion coordination control strategy is established. When the load is
large, the two driving parts are energized, and the starting force can be as high as
574.92 N. When the load is small, MCELA is energized alone, and MIELA moves with
it to reduce the power consumption of the system.

3. At the end of the stroke, CELA has a passive holding force of 229.25 N, which
means that additional current is no longer required to counter the disturbance of
the gas load during the on/off phase of holding. Thus, it can effectively reduce
energy consumption.

4. Under different motion modes, CELA can achieve continuous adjustable duration
and maximum lift, and has good dynamic characteristics. At the same time, the
steady-state error can be kept within £0.02 mm, with high control accuracy.

Through the above work, the feasibility of the composited electromagnetic linear
actuator is verified. In future works, multi-objective optimization and improvements in the
coordinated control method will be carried out for the actuator.
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