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Modelling and Analysis of a Generalized
Equivalent Magnetic Circuit Model for Moving
Coil Electromagnetic Linear Actuators

Hao Yan, Jinshi Fang, Wenqing Ge, Geng Wang, Jiewei Chen, Cao Tan

Abstract—This paper proposes a generalized equivalent
magnetic circuit model (EMCM) considering end-effect for a
moving-coil electromagnetic linear actuator (MCELA). The
model describes the magnetic networks in detail by
incorporating the independent variable parallel branch number
and constructing them as a function of variable branch number
and geometric dimensions. An iterating method to update
accurate relative permeability of the soft magnetic material
under different working point is also taken into consideration.
The comparison study of flux density and thrust force using
FEM and EMCM demonstrates the effectiveness and
computation efficiency of the proposed model. Additionally, a
typical MCELA prototype is implemented to further validate
the proposed EMCM. The proposed method can be used for the
analysis and design of a wide range of electromagnetic actuators,
in addition to its application to MCELA.

Index Terms—Moving coil electromagnetic linear actuator,
Analytical model, Equivalent magnetic circuit model, Material
nonlinearity consideration

1. INTRODUCTION

OVING coil electromagnetic linear actuator (MCELA)

is a type of electromagnetic driving device based on the
Lorentz-Force principle, which can convert electrical energy
directly into mechanical energy for linear motion without the
participation of any intermediate conversion devices [1-3]. In
comparison to other electromagnetic linear actuators(ELAS)
[4,5], MCELA boasts a simple structure, fast response speed,
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and high motion accuracy. It has been employed in various
applications, such as aerospace [6], vehicle [7] and fluid
control systems [8].

To date, various methods have been employed for the
preliminary design of ELAs, including up-to-date analytical
[9], semi-analytical [10], and numerical [11] methods.
Among them, the finite-element model (FEM) is used in the
numerical method to obtain the results, which shows good
agreement with experimental results. However, the FEM
process is often time-consuming and computationally
expensive, and requires model reconstruction when changing
structural parameters. For the preliminary design of the
MCELA, a general layout of the key machine parameters
based on the application with basic design specifications is
required [12]. Analytical methods are widely used as the
solving tool in the preliminary design stage due to the large
number of parameters that need to be determined, which can
result in a huge number of possible solutions.

The analytical method used in the magnetic potential
vector model (MPVM) is a parameter model that considers
flux density distribution [13-15]. However, the MPVM
adopts the assumption of infinite permeability for
simplification, which means that it cannot model nonlinear
material characteristics accurately. Another widely used
analytical technique is the equivalent magnetic circuit model
(EMCM), which can account for nonlinear material
characteristics [16-18]. The Electromagnetic Circuit Method
(EMCM) treats magnetic circuits as analogous to electric
circuits, allowing for the calculation of electromagnetic field
characteristics using electric circuit principles. However, due
to the simplification of lumped parameters, it may not
accurately reflect changes in flux density and thrust force,
necessitating refined divisions. Therefore, EMCM is
typically used for preliminary design and is then confirmed
with FEM.

The objective of this study is to propose a generalized
EMCM with time-efficient and precise calculations for a
MCELA. Additionally, the magnetic field distribution,
magnetic leakage of PM, and more refined equivalent
magnetic circuits are described in the EMCM. The remaining
contents of this paper are organized as follows: Section 11
introduces the structure of MCELA and provides the denoted
structural parameters. The EMCM analytical model and its
verification are presented. In Section III, prototype and test
bench are developed, the experimental comparative study is
performed. The paper is concluded with the Section IV.
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II. ANALYTICAL MODELING OF EMCM

A. Fundamental configuration of MCELA

The structure of proposed MCELA is shown in Fig. 1. It
has a cylindrically symmetrical structure consists of stator
part and moving part. The stator part is composed of the end
covers, array of permanent magnets (PMs), outer yoke, and
inner yoke. The moving part consists of the coil framework,
coil and shaft output. The outer yoke carries several main
PMs which are radially magnetized, and neighboring
magnets are magnetized in the opposite directions to produce
a nearly uniform distributed magnetic field perpendicular to
the coil. Between two main PMs, there is an adjacent PM
magnetized axially to form a Halbach magnet array to
enhance the flux density in the air gap. The coils are wound in
series on the coil framework with the polarity of the two
neighboring coils reversed 180°. The thrust force is generated
by the interaction of a magnetic fields and an excitation coil
based on the Lorentz-Force principle. The magnitude and
direction of the thrust force are determined by the magnitude
and direction of armature current.
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Fig. 1. Structure of MCELA.
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In this study, the MCELA is applied to a direct-drive
pumping system, thus requiring the MCELA to have
sufficient thrust ant compact dimensions to overcome the
hydrodynamic and inertial force at high frequencies. In
addition, the high thrust linearity of the MCELA is required
to achieve wide bandwidth and robust motion control.

Therefore, all structural parameters used in the MCELA need
to be organized and analyzed for engineering applications of
direct-driven pump system. For further magnetic modeling
and design, the MCELA with leading structural parameters
denoted is shown in Fig. 2.
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Fig. 2. Leading structural parameters of MCELA.

B. Geometry definitions and EMCM modeling

The EMCM of the proposed triple-pole MCELA is
established, as shown in Fig. 3. Depending on the relative
permeability, the EMCM is divided into four areas, which are
presented by four different colors. The region of radially
magnetized PMs is represented by the green areas, which are
divided into two parts with a relative permeability of u. The
red areas represent the region of axially magnetized PMs with
a relative permeability of u.. The whiter areas represent the
region of the air-gap and the working range, which have a
permeability is u. The blue areas represent the region of the
soft magnetic material and the relative permeability is ztmi.

Fig. 3 shows the symbols used in this study, including the
absolute magnetomotive force, F, magnetic reluctance, R,
and magnetic flux, ®. The definitions of these symbols are
defined as follows: F; represents the magnetomotive force of
PMs, R}, represents the magnetic reluctance of PMs, R,
represents the magnetic reluctance of the air gap, R,
represents the magnetic reluctance of inner yoke, and @y
represents the flux through the cover.
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Fig. 3. Generalized EMCM of MCELA with n=2.
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The symbol n represents the number of parallel branches
of the magnetic induction line in PMs, which can be used to
describe the precision of the model. The larger of n results in
higher model precision and calculation accuracy, but also
leads to higher computational costs. For clarity, the EMCM
of n=2 is shown in fig. 3. The symbol k represents the number
of nodes in each area. This is determined by the node
arrangement and varies with n. It is important to note that, in
order to maintain consistency for the subscripts and
superscripts, all superscripts are n, and all subscripts are
indexed from 1 to £.

For the sake of calculation convenience, the magnetic
reluctance is expressed as the reciprocal of the magnetic
permeance, which can be expressed as follows:

- M
_Pﬂ

where P is the magnetic permeance of each part, which can
be expressed as follows:

Rn

n

P @

where u" is the relative permeability between adjacent nodes,
§" is the cross-sectional area of magnetic conductance
between adjacent nodes, and L" is the thickness of the
magnetic conductance between adjacent nodes.

The magnetomotive force of PMs can be expressed as
follows:

F"=H{t" 3)
where H. is the PM coercivity, and #* is the thickness of PM.
Based on the KCL/KVL method, the magnetomotive force is
equivalent to voltage, magnetic reluctance is equivalent to
resistance, and flux is equivalent to current. Therefore, flux
can be calculated using Ohm’s law, which is expressed as
follows:

n
-= o)
In this study, the EMCM is expressed as a matrix, which
can be solved by computer programming. The magnetic
reluctances are arranged in a matrix of size (9n+11) X (9n+11)
in a specific order, as follows:

(Dn

R- (Rnc )(6n+6)><(9n+11) )

(RZ )(3;1+5)><(9»1+l 1) (

9n+11)x(9n+11)
where the magnetic reluctance matrix R is divided into two
submatrices, R¢ and R) respectively. The dimension of Rt is
determined by the number of nodes in the model, and the
dimension of R} is determined by the number of independent
closed loops within the model.

The matrix for magnetomotive force is expressed as
follows:

n

(FC )(6;1+6)><l

(F’f )(3;1+5)><l

where F¢ is determined by the number of nodes in the model,
and the dimension of F; is determined by the number of
independent closed loops within the model. It should be
noted that, the equation of KCL do not have magnetomotive
force, so Fr.= 0.

F= (©6)

(9r1+1 l)xl

The magnetic flux matrix of each branch is expressed as
follows:

(7

L (9n+11)x1

where the submatrices @, @,, ®@,, and ®@; are the fluxes

through each area, with their dimensions depending on the

number of branches in the area. Based on the Eq. (4), the

matrix @ can be obtained using the following equation:
®=R'F

where matrix R is the inverse of matrix R.

In this study, the calculated flux density is contributed
soled by PMs due to the slotless structure of MCELA, since
the flux generated by the current is much smaller. The
circumferential symmetrical structure of MCELA ensures
that the fixed network does not affect the accuracy of the
results. Any machine with slot-less structure can be modeled,
and the EMCM can be viewed as a function of the
independent variable n. A detailed modeling process is
provided in the Appendix.

@®)

A. Nonlinear Material Consideration

The yokes are made of the soft iron material which has a
nonlinear B-H relationship. The permeability can vary
significantly with the flux density. Therefore, EMCM
introduces nonlinear permeance, where the relative recoil
permeability is determined iteratively according to the
nonlinear B-H characteristic. The relationship between
relative permeability and flux density in soft iron can be
calculated by the function as follows:

( B 1
Honi =, \ 1+ (B/B,)"

where By, Hy and v are constants related to materials. In this
study, the soft iron material S10C with constants By= 1.2,
Hy=190, and v =12 is employed. The ymi-B curve of S10C is
shown in Fig. 4.
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Fig. 4. Relative permeability curve of S10C.

To enhance the precision of EMCM, it is essential to
update the variable reluctance through an iterative process.

Volume 54, Issue 11, November 2024, Pages 2299-2306



TAENG International Journal of Applied Mathematics

The specific iterative updating process is shown in Fig. 4.
Initially, a relative permeability is assigned to calculate the
variable reluctance, and the initial magnetic flux density can
be obtained using Eq. (9). Subsequently, the relative
permeability is iterated and updated using the following

function:
,U(k-ﬂ) — B() 1
™\, \1+BY/B,)

Next, the updated relative permeability is inputted into the
EMCM and replaces the previous value. The calculation
process continues to iterate until the convergence stop
condition is reached. The convergence stop condition can be
expressed as the constraint on the variation of permeability
during the last two iterations:

(k+1) (k)

/urmi — Hmi

Hion

where ¢ is a small positive constant.

To solve the matrix ®, the matrix R is required, which has
many elements that are functions of the relative permeability.
The relative permeability is, in turn, a function of the
magnetic flux density B. Any nonlinear solution algorithm
can be used to solve the above nonhomogeneous system of
equations. In this study, the Jacobi iterative method was
adopted.

(10)

max <&

(an

B. Comparison of flux density
The EMCM should be verified before it is used for design.
The model is verified by FEM method in the present study,
and the model parameters selected for comparison with FEM
and EMCM are listed in Table 1. To compare with the
EMCM model, three positions located in the middle of
air-gap, outer yoke, and inner yoke are adopted.

TABLEIT
VERIFICATION STRUCTURAL PARAMETERS
Symbol Parameter Value
H, Thickness of inner yoke gap 5.0 mm
H, Thickness of inner yoke 15.5 mm
H; Thickness of coil 3.0 mm
Hg Thickness of PMs 6.5 mm
H; Thickness of outer yoke 4.0 mm
Li/ 1, Length of radially magnetized 16.0 mm
PMs
Ly / vy Length of axially magnetized PMs 8.0 mm
Ls Length of each coil 6.0 mm
1.0
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Fig. 5. Comparison of flux density in air-gap by EMCM and FEM.
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Fig. 6. Comparison of flux density in inner yoke by EMCM and FEM.
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Fig. 7. Comparison of flux density in outer yoke by EMCM and FEM.

The comparisons of flux density of EMCM and FEM in
air-gap, outer yoke, and inner yoke are shown in Fig.5, Fig. 6,
and Fig. 7, respectively. It can be indicated that the results of
EMCM are in good agreement with FEM in different
comparison regions, which can validate the correctness and
precision of the EMCM. Additionally, the calculation
accuracy of EMCM increases with the number of parallel
branches n, especially for the middle position of radially
magnetized PMs. The reason for this difference is that FEM
calculates values for individual nodes, while EMCM
calculates lumped parameters. The EMCM calculation
divides the total flux density by the cross-sectional area,
providing an average flux density for the sectional area. As
the number of parallel branches n increases, the solution
region becomes more refined, resulting in a more uniform
flux distribution. This explains why larger values of n
provide better agreement. Although the calculation results for
small value » by EMCM show deviation in the flux
distribution, they agree well with the FEM results at the peak
value. Typically, only the maximum flux densities in yokes
are of interest for avoiding saturation during design.

C. Comparison of thrust force

The comparison of thrust force versus displacement
position with different excitation currents calculated by
EMCM and FEM is shown in Fig. 8. The results of thrust
force by EMCM are consistent with the results of flux
distribution. But at the endpoint of the stroke the thrust force
results of EMCM show slightly decline with the FEM
because the armature reaction is not calculated. When the
excitation current is 15 A, the average thrust force of EMCM
and FEM is 452.81N and 451.97N, respectively. The results
of average thrust force are with highly accuracy due to the
periodicity of the armature reaction. The comparison of flux
density and thrust force by EMCM and FEM indicates that
the accuracy of EMCM is acceptable for design of MCELA.
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In addition, it is worth noting that the calculation time for 2D
FEM by JMAG-Designer takes more than 5 minutes with the
element number of 81814, the nodes number of 52763, and
the calculation steps of 41, without considering the time
required for reconstructing the model. However, the EMCM
proposed in this manuscript only requires 3.7 seconds,
making it particularly suitable for the design of MCELA to
shorten computation time.
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Fig. 8. Comparison of thrust force by EMCM and FEM.

III. EXPERIMENTAL VERIFICATION AND DISCUSSION

A. Experimental setup and prototype

To assess the effectiveness of the design and the
performance of the prototype, a performance test system for
the MCELA was established. The system is illustrated in
Figures 9 and 10. Figure 9 provides detailed structural
features of the unit, while Figure 10 shows the setup of the
test platform.

.2
B

(b) Outer yoke

(a) Stator

(¢) Inner voke

(d) Coil and tramework

Fig. 9. prototype and components:(a) Stator (b) Outer yoke (c) Inner yoke (d)
Coil and framework

As shown in Fig. 10 (a), an experimental setup for air-gap
flux density measurement is established. A Hall probe of the
three-dimensional Gauss meter is mounted on the hold cage
to collect the measured data of fluxes at different axial
positions within the MCELA. The Gauss meter is linked to
host for data processing and image editing. The experiment is
carried out without current load, the position sample interval
is 2 mm. Fig. 10 (b) shows the test bench used to measure the
total thrust force as the mover position varies with different
current levels. The real-time digital signal controller chosen

for this experiment is the fixed-point DSP TMS320F2812.
The following signals including the coil current, the coil
voltage, the position of the moving part, and the thrust force
are fed back to the host for data processing.

| Displacement sensor |

(a) Magnetic field experimental setup

_ =™
e S .
_—

i
)
. Prototype

(b) Thrust force experimental setup

Fig. 10. Experimental setup and prototype.

B. Experiment of air-gap flux density

In this study, the accuracy and precision of the EMCM
results increase with n. In order to simplify the test
verification process, only the results when 7 is 5 are verified.
Experimental validation of the air-gap flux density is the
comparison of EMCM, FEM and experiment results.

When the mover is fixed without any current input, the
flux density along the air gap is tested. The open-circuit flux
density in EMCM, FEM, and experiments with high
consistency and accuracy is shown in Fig. 11. The results by
EMCM are close to the FEM curve, although some errors still
exist due to model simplification, measurement errors and
manufacturing errors. Fig. 12 clearly shows the discrepancy
between the air gap flux density calculated by the FEM
method and the EMCM method, as well as the experimental
measurement of the air gap flux density results. Significantly,
in the working region where the air gap flux density changes
less, the error with the experimental measurement results is
smaller.
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Fig. 12. Errors of FEM calculations and EMCM calculations versus

experimental measurements of air-gap flux density.

C. Experiment of thrust force characteristic

The experimental results confirm the accuracy of the
EMCM results, as shown in Figure 13, which shows the static
thrust force results obtained by EMCM and the
corresponding experimental measurements for various
positions and current levels. The thrust force values are
dependent on the displacement position, and the thrust force
versus displacement position exhibits high-linearity. The
results show a discrepancy of thrust force under the rated
current of 15A varying of 20.09 N at most (error is less than
4.5%). The thrust force is proportional to the injected current,
but the errors between EMCM and experimental results
increase with the injected current. This is attributed to a slight
asymmetry in the magnetic circuit of the prototype and the
absence of the armature reaction in EMCM.
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Fig. 13. The thrust force versus position of MCELA prototype.

IV. CONCLUSION

In this paper, a generalized equivalent magnetic circuit
model is developed and applied to a moving-coil
electromagnetic linear actuator used in a direct-drive pump.
Conclusions can be drawn as follows.

(1) The results of the proposed combinatorial analytical
model and FEM method are with high consistency, which
means that it can be acceptable for further design of MCELA.

(2) The experimental and analytical results agree well with
each other regarding the thrust force characteristic, which
further validates the correctness of the proposed EMCM.

(3) As the number of the parallel branches » increases, the
solution region of EMCM becomes more refined, resulting in
a more uniform flux distribution and higher solving accuracy.
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