
 
 

Delft University of Technology

Hybrid Tunable Magnet Actuator
Design of a Linearized Force-Flux Tunable Magnet Actuator
Hoekwater, William B.; Ronaes, Endre; HosseinNia, Hassan

DOI
10.1109/TIE.2023.3285984
Publication date
2024
Document Version
Final published version
Published in
IEEE Transactions on Industrial Electronics

Citation (APA)
Hoekwater, W. B., Ronaes, E., & HosseinNia, H. (2024). Hybrid Tunable Magnet Actuator: Design of a
Linearized Force-Flux Tunable Magnet Actuator. IEEE Transactions on Industrial Electronics, 71(5), 5073-
5082. https://doi.org/10.1109/TIE.2023.3285984

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1109/TIE.2023.3285984
https://doi.org/10.1109/TIE.2023.3285984


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 71, NO. 5, MAY 2024 5073

Hybrid Tunable Magnet Actuator: Design of a
Linearized Force–Flux Tunable Magnet Actuator

William B. Hoekwater, Endre Ronaes, and Hassan HosseinNia , Senior Member, IEEE

Abstract— Recent studies have shown that tunable mag-
nets (soft permanent magnets) can significantly reduce
Joule heating in electromagnetic actuators. To achieve high
motion accuracy and repeatability, this article proposes a
novel actuator design with a linearized force–flux relation.
In prior designs of variable reluctance tunable magnet ac-
tuators, the force and flux are related quadratically via a
C-shaped actuator. Hybrid tunable magnet actuators based
on biased fluxes are developed using lumped parameter
models. Using finite element analysis, it is shown that
the force–flux relation is symmetric linear around the mid
position depending on the magnetic flux direction in the
magnet. Within a position range of ± 500 µm and a force
range of ± 20 N, the linear fit produces a negligible error
of 0.08 N. Finally, this linear relationship is validated with a
0.03-N error in an experimental setup.

Index Terms—Magnetic circuits, tunable magnets (TMs),
variable reluctance actuator.

I. INTRODUCTION

IN THE high-tech industry, thermal stability within motion
and alignment systems is important to realize high accu-

racy and repeatability. However, coil-based actuators used in
current systems will dissipate heat due to Joule heating. As
a result, parts will start to deform and the position accuracy
and repeatability of the machine will be destroyed [1]. For
highly predictable linear motion actuators, Lorentz actuators are
traditionally used because of their linear relation between force
and current. However, these actuators have a poor efficiency due
to the low force density and, thereby, is the position accuracy
and repeatability limited [2]. In the past years, a reluctance
actuator has been developed that has a ten times higher force
density and, thereby, a higher efficiency [2]. Despite the higher
efficiency, these actuators will still have Joule heating. This will
especially lead to problems in quasi-static operations within
vacuum environments where a force should be supplied for a
longer time period. Examples of this type of systems are gravity
compensators [3] and space mirror alignment systems [4].
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In order to minimize the Joule heating in a quasi-static op-
eration, prior research transformed reluctance actuators into
hybrid reluctance actuators (HRA) using the permanent magnets
(PMs) [5]. Besides this, the concept of in-situ magnetization
adjustment of AlNiCo magnets was introduced in switchable
electropermanent magnet (EPM) actuators [6]. In these actua-
tors, an AlNiCo 5 magnet is placed in parallel with an NdFeB
magnet, which are surrounded by a coil. By supplying a current
pulse to the coil, the Netto magnetic flux is turned ON and OFF.
As a result, the static magnetic flux is no longer created by coils
but by magnets, and thereby, the heat dissipation is reduced.

Opposite to ON–OFF actuators, several in-situ magnetization
adjustment actuators are developed that have a force range in-
stead of only an ON–OFF state. A force tuning actuator for gravity
compensation was developed by using a constant reluctance
design [7]. To enable the implementation of in-situ magneti-
zation adjustment for actuating applications, tuning algorithms
for variable reluctance actuator designs are developed [8]. In
this work, a C-shaped tunable magnet actuator (TMA) with an
AlniCo 5 magnet is used. With the saturation magnetization state
tuning (SMST) method and control algorithms, which correct for
the dynamics of the mover, the flux is tuned with 7 mT accuracy.

This research continues on the work done in [8], [9], and
is part of a research program that investigates the application
of in-situ magnetization tuning. The previous work done was
focusing on developing flux tuning methods and flux control
algorithms for a C-shaped actuator. Thereby, it neglects the
nonlinear force–flux relation of a C-shaped magnetic actuator.
This nonlinear force–flux relation will make it hard to use the
actuator for high-precision motion or alignment systems where
the force is controlled by linear controllers. Beside the problems
in control, the nonlinear relations will result in an inefficient use
of low fluxes. In contrast to the C-shaped actuator, this article
investigates a linear TMA that generates a force proportional to
the magnetic flux.

The contribution of this article is to design a topology of
a TMA that has a linearized force–flux relation. This will
improve the motion control of a TMA controlled by a linear
controller and use the low fluxes more efficiently. To come up
with a design of a linearized TMA, first, an analytical design is
made with the use of lumped parameter models. The method
of linearizing the force–flux relation in reluctance actuators
by using biased fluxes [5] is used as the starting point. These
biased reluctance actuators (HRA’s) are used in high-precision
motion and alignment systems, such as vibration isolation [10],
gravity compensators [11], scanning motion systems [12], and
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Fig. 1. Schematic overview of the used C-shape actuator in [8], [9].
Part A: AlNiCo 5 magnet surrounded by a coil that is connected to a
voltage source. Part B: the magnet is clamped between two ferromag-
netic yoke parts. Part C: the mover is separated by two air gaps from the
stator and closes the path of the magnetic flux φm.

mirror alignment systems [4]. Due to the different characteristics
of tunable magnets (TMs) compared with iron yokes used in
an HRA, a new electromagnetic circuit should be designed
analytically that is optimized for TMs. The resulting actuator
will be called a hybrid tunable magnet actuator (HTMA). This
optimization is done with the use of a lumped parameter model.
The analytically found linear relationship of the TMA is verified
through finite element analysis (FEA), taking into account fring-
ing fluxes. In addition, an experimental setup that incorporates
manufacturing and material inaccuracies is used to validate the
linear relationship.

The rest of this article is organized as follows. In Section
II, the state of the art of a C-shaped TMA is shortly discussed
based on [8], [9]. Second, Section III comes up with an ana-
lytical linearized TMA. This actuator is further studied using a
COMSOL MULTIPHYSICS analysis discussed in Section IV.
In Section V, the proposed linear relationship is validated by an
experimental setup. Finally, Section VI concludes this article.

II. WORKING PRINCIPLE OF THE TMA

In [8], [9], a C-shaped actuator, as shown in Fig. 1, is used.
In this kind of actuator, the magnet is clamped between two
ferromagnetic yokes. These yokes are separated by an air gap
from the mover, and thereby, an attractive force is generated
between the stator and the mover. An expression of the force
can be found by using the Maxwell stress tensor [13] and can be
simplified for the C-shaped actuator to

F =
1

2μ0

∮
B2

nnds =
B2

gAg

μ0
(1)

where Bn is the magnetic flux density perpendicular to the yoke
area and n is the outward normal vector. By using the hysteresis
of the magnet and shift in load line by a current, it is possible to
tune the magnet flux density Bg .

The load line defines the relation between the applied current
and magnetic flux density inside the magnet as a result of the
connected load to the magnet. For the C-shape actuator, it is
defined as

Bm = −μ0
Aglm
2Amlg

(
Hm − NI

lm

)
(2)

where Ag is the area of the yoke, lm is the length of the magnet,
Am is the cross section of the magnet, lg is the gap length, Hm

is the applied field inside the magnet, N is the number of coil
windings, and I is the applied current. When a voltage supply is
used to create a current inside the coil, the voltage U is related
to the flux density Bm as

U = IR+AmN
dBm

dt
(3)

where R is the resistance of the coil.
The SMST method used for in-situ magnetization state tuning

can be graphically described, as shown in Fig. 2. The method
consists of four steps that should be followed to magnetize a
magnet to a desired magnetization level. Important to notice is
the squared relation between the applied force and the magnetic
flux density in the magnet, as shown in (1). This will result in
inaccurate control if the system is motion controlled by linear
controllers.

III. HYBRID TMA

The problem of the nonlinear force–flux relation of C-shaped
reluctance actuators is solved by introducing the HRA con-
cept [12], [14], [5]. This kind of actuator uses a bias fluxφpm that
is generated by a PM and a control flux that is generated by coils.
Due to the opposite directions of the biased flux relative to the
control flux in the gaps, a linear force–flux relation is obtained.
This principle of linearizing is summarized by the schematic
shown in Fig. 3.

The design requirement for a linearized force–flux TMA can
be simplified to the requirement that the flux paths of the biased
flux and the control flux shown in Fig. 3 should be closed by
PMs and tunable magnets. This means that the green and blue
flux lines shown in the top part should be closed by using PMs
and TMs, respectively. Some important rules should be taken
into account while closing the flux lines.

1) The flux of the TM should not go through the PM. Due
to the high reluctance of the PM, the TM will be used
inefficiently. Also, the flux of the TM should not be
shortcutted by iron yokes. If it is shortcutted by the iron
yoke, no flux will flow through the mover and, thereby,
no force will be generated. The TM will act as a bar-
rier for other fluxes if the length is larger than the gap
lengths.

2) The flux of the PM should not go through the TM and
should not be interrupted by an iron yoke. Also, the PM
will act as a barrier for the other fluxes if the length is
larger than the gap lengths.

Directly replacing the coils of the HRA by TMs will not fulfill
the general requirement rules of closing the flux paths due to the
large reluctance of the TMs. Therefore, this actuator will be
inefficient and unstable. After an iterative design process that is
described in more detail in [15], the actuator of Fig. 4 is designed.
In this actuator, the different parts are rearranged such that the
flux of the PM through the TM is reduced. By using Maxwell
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Fig. 2. Graphical representation of the SMST method. (1) Initial state in this case is the OFF or nonmagnetized state. (2) By applying a positive
current, the load line will shift and the magnet will be saturated. (3) After applying a negative current, the load line will shift to the corner point.
(4) By removing the current, the load line will shift back to the origin and the operation point will be reached.

Fig. 3. Schematic representation of the linearization method, shown
at the top. The fluxes are represented by arrowed lines. The gray blocks
represent iron yoke material, where the dashed lines represent the
location where other parts should be connected to close the flux lines.
The flux lines through the mover should be closed by using the building
blocks shown at the bottom: the left (red) block represents a TM, and
the right (green) block represents a PM. Also, iron yokes can be used.

stress tensors, the force in this actuator can be described as

F =
(φpm,gL + φtm)

2 − (φpm,gR − φtm)
2

2μ0Ag

≈ 2φpm

μ0Ag

(
φtm + φpm

2x

2lg + μ0AgRtm

)
(4)

where φtm is the control flux generated by the TM. The flux of
the PM in the gaps, φpm,gL and φpm,gR, can be expressed as a
function of the flux in the two PMs φpm, the reluctance of the
TM Rtm and the position of the mover. The expression of the
force, as shown in (4), can be simplified by defining a motor
constant Km and an actuator stiffness ka to an expression that
only depends on the control flux φtm and the position x

F = Kmφtm + kax. (5)

In order to derive the expressions for the fluxes, a lumped
electromagnetic model is designed, see Fig. 4. For this model,
it is assumed that the relative permeability of the yokes is
sufficiently large to neglect the reluctance of these components.
The reluctance of the left gap Rg,L, right gap Rg,R, fixed gap
Rf , PMs Rpm, and TM Rtm can be expressed as

Rg,L =
lg − x

μ0Ag
,Rg,R =

lg + x

μ0Ag
,Rf =

lf
μ0Ag

Rpm =
lpm

μ0Apm
,Rtm =

ltm
μ0μrAtm

(6)

where x is the position of the mover, lf is the length of the gap
between the yoke in the middle and the mover, ltm is the length
of the TM, and lpm is the length of the PMs. The areas of the gaps
are all fixed to the same sizeAg , and the areas of the TM and PM
are Atm and Apm, respectively. μr is the relative permeability
of the TM and will change based on the BH-curve of AlNiCo 5.

By using superposition, the model can be split up into two
parts: the magnetic flux generated by the TM and the magnetic
flux generated by the PMs. Ideally, due to the fact that the PM
behaves as an air gap, no flux of the TM is flowing through the
PM as long as lpm >> lg . Therefore, the flux φtm in the TM
without losses can be described, as shown in (7). The flux of the
TM in the air gaps is equal to the flux in the TM and independent
of the position x

φtm = φtm,L = φtm,R ≈ kmmfHtmltm
kLRg,L + kRRg,R

(7)

where Htm is the applied magnetic field of the TM, kL and
kR are loss factors for fluxes, and kmmf is a loss factor for the
magnetomotive force

kL =
φtm,L

φtm
=

Btm,LAg

BtmAtm
, kR =

φtm,R

φtm
=

Btm,RAg

BtmAtm
(8)

kmmf =
HL(lg − x) +HR(lg + x)

Htmltm
. (9)

HL and HR are the magnetic field strengths in the left and right
gaps, respectively. By using (7), the flux inside the TM as a result
of the TM part can be found as

Btm = − kmmfμ0Agltm
((kL + kR)lg + (kR − kL)x)Atm

(
Htm − NI

ltm

)
.

(10)
This equation is called the load line that defines the magnetic
flux inside the magnet and the applied field to the magnet based
on the circuit load.

The circuit of the PMs depends on the properties of the PM,
TM, and the gaps. However, if lpm is way larger than lf and lg ,
the flux in each PM can roughly be estimated by taking only the
PM reluctance into account. By using superposition of the two
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Fig. 4. Schematic overview of the linearized HTMA (left schematic). The bias flux is delivered by two PMs whose main flux paths are shown
by dashed lines. The control flux is delivered by the TM which main flux path is shown by a dashed line. By using superposition, two lumped
electromagnetic circuits can be drawn. The flux of the TM will only flow through the gaps (mid schematic). The flux of the PMs will both flow through
the gaps and the TM (right schematic).

PMs, the PM flux in the gaps can be expressed as follows:

φpm,gL ≈ 2lg + 2x+ μ0AgRtm

2lg + μ0AgRtm

Hc,pmLpm

Rpm

φpm,gR ≈ 2lg − 2x+ μ0AgRtm

2lg + μ0AgRtm

Hc,pmLpm

Rpm

(11)

where Hc,pm is the coercivity of the PM. It is important to
notice that the flux in (11) depends on the reluctance of the
TM. This reluctance depends on the relative permeability of
the AlNiCo 5 magnet, which changes while tuning (between 5
and 270 depending on the position in the BH-curve [16]). In
addition to the influence of the TM on the PM flux, the PM will
also influence the load line of the TM. By using superposition
of the two PMs, the load line of the PM circuit to the TM can be
described as

Btm = −2μ0Agltm
Atm

Gpm

(
Htm − Hc,pmlpm

ltm

)
(12)

where

Gpm =
kpmx(

l2g − x2 + 2μ0lgAg (Rf +Rpm)
) . (13)

kpm is a loss factor to correct for losses in both magnetomotive
forces and fluxes. The PMs will apply a magnetic field to the
TM, which will result for offset positions of the mover in a shift,
like in the case of the current in (10). Due to the fact that the
applied magnetic fields of the two PMs are opposite in the TM,
there will be no influence on the load line in the mid position
(x = 0). The total load line of the circuit is the summation of
(10) and (12)

Btm = KloadHtm +Δload +ΔI (14)

where Kload = −µ0Agltm
Atm

(
kmmf

(kL+kR)lg+(kR−kL)x + 2Gpm

)
,

Δload =
2µ0Agltm

Atm
Gpm

Hc,pmlpm
ltm

and ΔI = NI
kmmfµ0Ag

((kL+kR)lg+(kR−kL)x)Atm
.

The loss factors included in the load line, the motor constant,
and actuator stiffness will be determined using an FEA in the
following section.

Fig. 5. COMSOL model of the simple HTMA used for loss factor
studies depending on the dimensions of the actuator.

IV. IDENTIFYING THE LOSS 3-D FEM ANALYSIS

To study the behavior of the HTMA and identify losses, a
COMSOL MULTIPHYSICS simulation is performed. With the
use of this simulation, both the flux losses and magnetomotive
force losses can be estimated. These losses are geometry depen-
dent and influence the tuning and performance of the actuator,
but will not change the linearity of the actuator. To come up
with some rules of thumb for optimizing the dimensions of an
HTMA in future work, the losses and performance of the actuator
for different magnet dimensions are studied. Fig. 5 shows the
geometry of the actuator with a constant thickness of tactuator.
The lengths lpm and ltm and widths wpm and wtm of the PM
and the TM are used as independent variables. These dimensions
influence the slope Kload and shift Δload of the load line that
is used for tuning the actuator, see Fig. 6. A larger slope of the
load line results in a larger range of remanent magnetic fluxes.
From (14) it is obvious that an offset position of the mover will
cause a shift in the load line because of the actuator’s asymmetric
behavior. The smaller the shift is, the more robust the actuator
will be against position disturbances.

The performance of the actuator is described by the force F
that it can generate and the amount of energy, Etune, it costs to
tune the magnet. The results of the COMSOL analysis are listed
in Table. I. A few general remarks can be made based on this
analysis.
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Fig. 6. Load lines for three different positions for an actuator with
I = 0, ltm = 30mm, and tactuator = 10mm (tactuator is the thickness of
the actuator). Placing the mover outside the mid position will result in a
negative or positive shift in load line.

TABLE I
SUMMARY OF THE INFLUENCE OF THE MAGNET DIMENSIONS ON THE

ACTUATOR BEHAVIOR

1) The PMs will apply a shift to the load line. The shift
depends on the reluctance of the TM and the position of
the mover that can result in a less robust or inefficient
actuator.

2) Flat magnets will result in higher actuator performance,
both in terms of force and energy. To make an actuator
with high performance and stability, the right combination
of the width and length of the magnet should be selected.

The HTMA can be reshaped in a folded 3-D configuration,
see Fig. 7, which will improve the compactness of the actuator.
In this actuator, a cylindrical TM is used due to time limitations
and the available in-stock magnets in the lab. The shape of the
magnets does not influence the linear force–flux relationship.
COMSOL simulations are used to identify the behavior of this
actuator, which is also used in the experimental setup, as will
be described in Section V. To show the linear relation between
the force and magnetic flux in the TM, the force for different
remanent flux densities and positions of the mover is calculated,
see Fig. 8(a). To calculate the motor constant Km, introduced in
(4), the force is linearized as a function of the flux for different
positions. The forces around the mid position of the mover are
a linear function of the magnetic flux, whereas forces further
away from the mid position become slightly nonlinear with
respect to the flux. By identifying the model, it can be observed

Fig. 7. Schematic overview of the 3-D folded HTMA. The TM is shown
in red, the PMs in green, the mover in dark gray, the stator in gray, and
the air gaps in blue.

that this nonlinearity is symmetric around the mid position for
positive and negative fluxes. Thus, Km(x) can be approximated
by a fourth order polynomial which is mirrored for positive and
negative fluxes; For positive fluxes, Km(x) should be used and
for negative fluxes Km(−x) should be used resulting in:

Km(x) ≈

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

2 · 1016x4 − 1.28 · 1013x3

+9.53 · 1010x2 − 3.00 · 107x
+1.55 · 105 φtm < 0

2 · 1016x4 + 1.28 · 1013x3

+9.53 · 1010x2 + 3.00 · 107x
+1.55 · 105. φtm > 0

(15)

The offset of the linearized force relation is used to estimate
the actuator stiffness ka as follows:

ka(x) ≈ 4.67 · 109x2 + 1.54 · 105x+ 8.71 · 103. (16)

Fig. 8(b) shows a graphical representation of the model con-
stants. The method for finding the actuator constants assumes
a linear fit of the force–flux relation and a third-order fit for
the force offset in the mid position. The root-mean-squared
error (RMSE) introduced by using this linearized model is
approximately 0.08 N, which shows that the nonlinearities in
the modeled position range can be neglected.

Based on the stiffness, it is observed that the HTMA is a
negative stiffness actuator, and thereby, the actuator itself is
unstable. In order to create a stable system, a parallel leaf spring
flexure can be connected to the mover. By using the flexure
properties, as listed in Table II, a flexure stiffness of 11.8 kN/m
is obtained, which results in a total positive stiffness, as shown
in Fig. 8(c).

For the tuning of the magnet, it is important to determine the
shift Δload and slope kload of the load line. Based on COMSOL
simulations, the offset of the load line as a function of the position
can be directly approximated by the linear equation

Δload(x) = 5.35 · 106x− 2.67. (17)
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Fig. 8. COMSOL results of the (a) forces, (b) motor constant, and actuator stiffness and (c) stiffness forces of the system. Positive fluxes mean
fluxes to the left through the gap. Data points 1–8 are added to give a better insight in the relation between (a) and (b).

TABLE II
PARAMETERS USED IN THE COMSOL SIMULATION OF THE FOLDED HTMA

For calculating the slope of the load line, the loss factors are
identified based on the COMSOL model as follows:

kL(x) = 2.15 · 1010x4 + 2.93 · 107x3

+ 5.61 · 104x2 + 98.9x+ 0.266 (18)

kR(x) = 2.15 · 1010x4 − 2.93 · 107x3

+ 5.61 · 104x2 − 98.9x+ 0.266 (19)

kmmf (x) = − 2.59 · 103x2 − 16 · 10−4x+ 0.982 (20)

Fig. 9. Comparison of the C-shaped TMA and the HTMA based on
COMSOL results.

Notice that kL and kR are symmetric around the mid position.
The error introduced by using the loss factors to calculate the
slope of the load line by using (10) is approximately 15.5 nTm/A,
which is negligible compared to a load line slope of 72.6 mTm/A.
Based on the COMSOL simulations it is proven that it is possible
to create an overall stable actuator that has a linear force–flux
relation. Fig. 9 shows the force of both the designed HTMA and
the C-shaped actuator designed in [9]. The force–flux relation
of the HTMA is linear compared with the quadratic relation of
the C-shaped version. The parameters used for the C-shaped
actuator are listed in Table III. Thereby, it is proven that the
designed topology is suitable to linearize the C-shaped actuator.
However, the amplitude of the force decreased and the position
dependence of the force increased. In the next section, an ex-
perimental setup of this actuator is built to validate this linear
relationship.

V. EXPERIMENTAL SETUP

The folded version of the HTMA is converted into an ex-
perimental setup, as shown in Figs. 10 and 11. An AlNiCo 5
cylindrical magnet is used for the control flux. The biased flux
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TABLE III
PARAMETERS USED FOR THE C-SHAPED ACTUATOR

Fig. 10. CAD model of the experimental setup.

Fig. 11. Experimental setup.

is delivered by two neodymium magnets, NdFeBr N48, and the
yoke is created out of laminated electrical steel. The mover of
the actuator is connected to a compliant linear motion stage.
This stage is designed in such a way that the whole actuator
has a small positive stiffness behavior in the range of -500 to
500 μm. The position of the mover is measured with a resolution
of 39.5 nm using a Renishaw RLD10 differential interferometer.
The coil around the TM has 300 windings and is created out

TABLE IV
EXPERIMENTAL STIFFNESSES OF THE DIFFERENT PARTS OF THE ACTUATOR

of 0.75-mm thick copper wire. This coil is connected to an
H-bridge created out of four Sensata/Crydom 20 A Solid-State
Relays and powered by a Delta SM 52-AR-60 power supply.
This power supply delivers 52 V and is used in current control
mode. The current is measured by a Polulu ACS714 ±30 A
current sensor. To measure the flux in the gaps, two Asensor
Technology HE144 Hall sensors are used, which are placed
in brackets with a thickness of 0.75 mm. These brackets are
clamped around the stator poles. The required input current of
1 mA of the Hall sensors is delivered by a custom-made precision
current pump that makes use of two opamps. A custom-made
signal condition board as used in [9] amplifies the Hall sensor
signals and low-pass filters them at 3 kHz. To measure the force
of the actuator, an FLLSB200 S-BEAM Junior 45-N loadcell
is connected between the mover and a Thorlabs manual linear
motion stage. A CompactRIO, NI c-RIO 9039, is used to log the
sensor data at 10 kHz. With the use of NI LabView software, the
same CompactRIO takes care of the output control signals for
tuning the TM.

For this experimental setup, the stiffness of the motion stage,
the passive stiffness of the actuator, and the force on the mover
for different remanent fluxes in the TM are measured. The
stiffness of the motion stage can be determined by measuring
the force at different positions without a connected stator. The
resulting force position graph is shown in Fig. 12(c) (motion
stage line). The stiffness of the flexures is estimated with a 3σ
repeatability of 21 N/m to be 12 kN/m. The linear fit used for
this estimation has an RMSE of 0.01 N. The stiffness of the total
system can be measured by adding the stator with demagnetized
TM to the motion stage. The total system stiffness (total system
line) is estimated with the use of a linear fit as 7.6 kN/m with
an RMSE of 0.045 N and a 3σ repeatability of 20 N/m. Due to
the misalignment of the stator with respect to the mover, the
force will be nonzero in the mid position. The misalignment is
caused by manufacturing tolerances of the yokes and assembly
tolerances of the Hall sensors. Based on PM flux measurements,
a position correction of -119μm is used for the actuator position.
This correction is applied in the force–position plot of Fig. 12(c),
and thereby, the used position scale is calibrated with respect to
the stator. However, due to this correction, the force of the motion
stage will not be zero in the mid position of the stator.

The stiffness of the actuator (actuator line) can be calculated
based on the stiffness of the motion stage and the stiffness of the
system. By using a linear fit, the actuator stiffness is estimated
as -4.4 kN/m with an RMSE of 0.045 N and a 3σ repeatability of
20 N/m. The different stiffnesses are summarized in Table IV.
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Fig. 12. Experimental results of the (a) forces, (b) motor constant, and actuator stiffness and (c) stiffness forces of the system. Positive fluxes
mean fluxes to the left through the gap. The fluxes in the magnet are estimated based on the right gap sensor.

TABLE V
REPEATABILITY AND ACCURACY OF THE EXPERIMENTAL RESULTS FOR THE

MOTOR CONSTANT ESTIMATION

To validate the linear force–flux relation in the experimental
setup, the TM is tuned with the SMST method at nine different
positions to ten remanent magnetic fluxes both for positive and
negative directions.

For each of these remanent fluxes, the force and flux densities
in the gaps are measured. For the quantities needed to show
the linearity between the force and flux, the repeatability and
accuracy of the experimental values are given in Table V. By
adding the flexure force to the measured loadcell force, the
actuator force can be calculated. This force is determined with
a 3σ repeatability of 51 mN. The loadcell that is used needs
deformation to measure forces. These deformations will result
in maximum position changes of 20 μm, which will result in a
force accuracy of ±0.1 N.

To estimate the flux in the TM, first, the flux of the TM in
the gaps is calculated by subtracting the PM fluxes estimated
in the demagnetized setup from the measured gap fluxes. Second,
the flux density inside the TM is estimated by using (8) and the
calculated TM gap flux densities. The values of the flux losses
found by the COMSOL simulation are corrected by a constant
factor of 0.71. This correction factor is determined by fitting
the remanent flux density of major loop measurements to the
theoretical remanent flux density of AlNiCo 5. The steady-state
magnetic flux densities in the TM can be estimated with a 3σ
repeatability of 0.38 μWb. However, the model accuracy of this
estimation is in the order of ±4 μWb. The accuracy is estimated
by using the difference between the estimated flux in the TM
based on the left and right gaps. This difference is the result
of manufacturing and alignment tolerances, which are in the

range of 100 μm. These tolerances can lead to an asymmetric
actuator, and as a result, the real position and flux losses will
differ from the estimated ones. As a result, the estimated fluxes
in the TM based on the left and right gaps will not be the
same. This inaccuracy of the model will not influence the motion
control accuracy if both the actuator model and the TM model
are identified based on the fluxes in one of the gaps.

The results of the measurements are shown graphically in
Fig. 12(a). For the different positions, a linear line is fitted
through the data. Based on this fit, the motor constant and the
stiffness can be determined, as shown in Fig. 12(b). The motor
constant is determined with a 3σ repeatability of 22 N/Wb.

When comparing the behavior of the experimental setup with
the COMSOL simulation, differences in both the slope and the
offset of the force–flux plot can be observed. These deviations
are likely caused by dimensional differences between the sim-
ulated model and the test setup, resulting from manufacturing
errors, and magnetic imperfections in the PM material.

In the experimental setup, a 0.8 times lower PM flux compared
with the FEA is measured. This difference can be explained by
extra fringing losses due to the tolerances of the manufacturing
procedures and of the magnetic properties of the constituent
parts. Based on (11), it is observed that variations in both
relative permeability and coercivity of the magnets influence
the magnetic flux density in the air gaps. The flux contribu-
tion from the TM may also have been lowered as a result of
fringing or manufacturing errors, such as, but not limited to,
different air gap lengths, a difference in the area of the pole
surfaces at opposite sides of the air gaps and nonparallel surfaces
affecting the air-gap reluctances and loss factors in (7). For
verification, further FE simulations were performed considering
the actual dimensions of the fabricated actuator alongside a
range of possible factors causing it to underperform, including
a lower remnant magnetization state of the NdFeB magnets
than anticipated, air gaps between the assembled parts, and
an angular misalignment of opposing pole surfaces. Fig. 13(a)
illustrates the force–flux relation of the simulated model with
a combination of the aforementioned features that results in a
similar behavior to that which was measured from the lab-setup
(see Fig. 12). An offset in the force–displacement relation of the
system illustrated in Fig. 8(c) also results from the equilibrium of
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Fig. 13. COMSOL results from a model with the measured dimen-
sions of the manufactured setup, air gaps between assembled parts of
0.3mm, a reduction of the remnant magnetic flux of the NdFeB PMs of
20%, and nonparallel stator poles (with a deviation 0.45mm in distance
to the mover between the upper and lower edges). (a) Force–flux rela-
tion in the displacement range of the prototype. (b) Force–displacement
behavior of the system with the spring mechanism having an offset
equilibrium by −120 μm.

the spring mechanism being offset from that of the mover in the
magnetic circuit. This offset is also factored into the simulated
model to attain a similar force–displacement behavior, as shown
in Fig. 13(b).

To improve the experimental setup such that it fits better with
the simulation results, improvements should be made mainly to
the manufacturing tolerances and alignment of the air gaps, and
the clamping of the magnets [8]. Despite the model inaccuracy
of the flux in the TM and the difference between the COMSOL
model and the experimental setup, the averaged RMSE of the
linear fit is around 0.03 N. This indicates that the designed TMA
topology has a reliable linear force–flux relation. Inaccuracies
in both FEA and experimental setup can lead to shifts or linear
scaling of the force–flux relation, but will not affect the linearity
of the actuator. Thereby, it is validated that the force–flux relation

of an HTMA for a range of -500 to 300 μm can be approximated
by a linear fit.

VI. CONCLUSION

This article proposed an HTMA with a linearized force–flux
relation such that motion control would be more accurate for
linearized controllers. Lumped electromagnetic models revealed
that the concept of using biased fluxes to linearize the force–flux
relation could be used in an HTMA. The actuator should be
constructed using two PMs and one TM, where the PMs provided
a bias flux to the TM flux. At one side of the mover, this biased
flux would add to the TM flux, whereas at the other side, the
biased flux would subtract from the TM flux. A finite element-
based model revealed the linearity around the mid position. By
creating an experimental setup of the concept of the HTMA,
it was validated that the force–flux relation was linear in the
position range of -500 to 300 μm and TM flux range of -80 to
80 μWb.

Future work includes to develop motion control for the HTMA
by identifying a magnetic model in the actuator and imple-
menting current, flux, and position control algorithms. For the
implementation of the flux control, the shift in the load line as
a result of the position observed in the FEA in this research
should be taken into account. Another direction of future work
is to optimize an HTMA for other performance, such as the
force density and efficiency of the actuator by changing the
dimensions. In this way, an actuator can be obtained that can
be used in a wider variety of applications.
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