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Abstract: The recent development of a hybrid tunable magnet actuator proposes to eliminate Joule
heating when maintaining a force or position offset. By controlling the remnant magnetic flux in an
AlNiCo magnet within the actuator, the actuation force can be linearly varied and maintained. While
a method for tuning the magnetisation state of the magnet with minimal magnetic field changes has
been demonstrated previously, the method is inefficient due to its slow tuning rate, which hinders
its use in controlling the actuator’s position. This paper presents a novel method of magnetisation
state tuning with a fast tuning rate and validates its effectiveness for controlling the position of a
short-stroke linear actuator. This tuning method is implemented and verified for changing the flux
density of an AlNiCo magnet in the range of ±1.2 T, with a root-mean-square error (RMSE) of 7.2 mT.
An accurate estimation of the magnetisation state is furthermore achieved during positioning, guided
by the design and experimental validation of a lumped parameter model, allowing the position to be
controlled with an RMSE of 4.0 µm in a range of −157 to 320 µm.

Keywords: reluctance actuators; in situ magnetisation; quasi-static positioning

1. Introduction

The need for high accelerations in electromagnetically actuated high-precision linear
stages must be weighed against their influence on the thermal stability of the system
and, thereby, on its accuracy and repeatability. Coil-based actuators are often favoured
in precise positioning stages due to their low stiffness behaviour and, hence, their ability
to attenuate low-frequency disturbances [1,2]. However, the production of Joule heating
during sustained forces may incur significant positioning errors as a result of thermal
expansion [3,4].

The desire for both high accuracy and throughput, combined with limited design space
for the dissipation of heat, has led to an increased interest in utilising reluctance actuators
(RAs) for short-stroke stages. This is due to the RAs’ higher force density and efficiency
compared to the more commonly used voice coil actuators [1,5,6]. To compensate for the
non-linear current–force and position–force dependencies, magnetic hysteresis, and eddy
current damping, a concerted effort has lead the development of new control strategies
and RA topologies [5,7]. To roughly linearise the current– and position–force dynamics,
hybrid reluctance actuator (HRA) designs introduce bias flux paths in the RA architecture
by integrating high-coercive-force (HCF) permanent magnets (PMs) [1,7]. For many ap-
plications, such as in magnetic bearings [8] and fast steering mirrors [9], this provides a
sufficient efficiency and acceleration while also providing good accuracy and repeatability
through linear feedback control. Nevertheless, in systems requiring a maintained position
or force offset, such as in a gravity compensator with a fixed PM arrangement, the resulting
continuous energy dissipation from HRA stages remains problematic [4].

To remove continuous heat dissipation in such quasi-static loading regimes, Hüffner et
al. designed a gravity compensator on the conceptual basis of the electropermanent actuator
developed in [10] with a low-coercive force (LCF) AlNiCo PM that can be magnetised to
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maintain an actuation force [11]. In the context of high-precision linear actuators, the control
of remnant states governed by the hysteresis in the system strides against conventional
control theory, in which the aim is generally to cancel out such non-linear behaviour.
Nonetheless, this unconventional method of control has also gained traction through the
development of piezoelectric transducers, such as the PIRest actuator, in which a voltage
pulse is applied to a PZT ceramic in order to change its remnant mechanical strain and
thereby the position offset provided by the actuator [12].

In electromagnetic position actuators, remnant state control has been furthermore
investigated through the development of the Tunable Magnet Actuator (TMA). Originally
proposed in [13], the TMA was designed with a similar topology as that of a C-shaped RA
but replaces the mid-section of the C-core with an AlNiCo 5 Tunable Magnet (TM) within a
650-turn coil. A remnant state control algorithm based on [11] is used to change the remnant
flux of the AlNiCo magnet in set intervals by intermittently inducing a saturating field to
effectively remove the dependence of each proceeding magnetic state on the history of all
previous states. Noting the inherent inefficiency and overshoot resulting from the saturation
pulse, a control algorithm was proposed in [14] and developed in [15] called the minor-loop
magnetisation state tuning (MMST) method, ensuring the smallest possible change in the
required external field to reach a given state. This method has been demonstrated to have
high accuracy, with a root-mean-square error (RMSE) of 9.5 mT within the tuning range of
±1 T, although it has proven inefficient due to its slow magnetisation rate [15]. Although
higher tuning rates may be achieved through the use of new control hardware and by
reducing the computational complexity, faster changes in magnetisation also accentuate
transient non-linearities, which are addressed in this paper to reduce thermal losses.

A further problem of the TMA is that, just as with a C-shaped RA, the actuation force
is quadratically dependent on magnetic flux, making it unsuitable for accurate position
control. Consequently, an alternative design based on the HRA topology, called the hybrid
tunable magnet actuator, integrates HCF-PMs to produce a bi-directional and roughly
linearised actuation force with respect to the TM flux (Figure 1a) [16]. However, the
challenge of utilising the principle of remnant magnetic state control for position control
introduces the further challenge of estimating the magnetic flux within the magnet from
the measured magnetic flux in the variable air-gaps while the mover is displaced from the
central position. This problem, alongside the challenge of designing a position controller,
therefore, remains to be solved.

(a) (b)

Figure 1. (a) Schematic of the HTMA. The HTMA includes bias flux paths (denoted by φPM) produced
by HCF-PMs (green), which contribute to linearising the relationship between magnetic flux in TM,
φTM (red), and the force on the mover in the x-direction, Fx,a. (b) Picture of the lab setup. The design
in (a) is flipped upside-down and incorporates a 90° fold between the lower and upper halves.
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This paper addresses the challenge of improving the slow tuning rate and accurately
estimating the magnetic state of a TM. By combining its contributions, we demonstrate a
proof-of-principle for controlling the remnant magnetisation state to enable efficient and
precise quasi-static positioning. The first contribution involves the design and validation of
a novel algorithm for remnant magnetic state control. This algorithm is implemented on
a field programmable gate array (FPGA) and enables the TM to be tuned in the shortest
possible time using the available power electronics. The second contribution outlines and
validates a method for determining the magnetic flux and field within the magnet based on
the mover’s position and air-gap flux measurement. A lumped parameter model is also
designed and used to guide this method. Lastly, the mechanical stiffness of the mover is
determined, and the mover’s position is experimentally characterised with respect to the
remnant MS of the TM, enabling the construction of a position controller.

The organization of this article is as follows: Section 2 provides a detailed explanation
of the MMST method’s working principles and introduces the newly developed remnant
state control algorithm. Section 3 presents an analytical model of the position actuator and
is further divided into two subsections, the first of which, (Section 3.1) describes a method
for estimating the magnetic state of the TM, while Section 3.2 details the characterisation
of the static position of the mover at different remnant states of the TM. Moving on to
Section 4, we discuss the results obtained from using the characterised behaviour to design
a position control algorithm based on the MMST method. Finally, Section 5 concludes
the article.

2. Improving Minor Loop Magnetisation State Tuning

The magnetic flux density of a tunable magnet, BTM, is dependent on both the external
field intensity, HTM, and the magnetisation resulting from the alignment of magnetic
moments in the material [17]. As a result, the functional dependence of BTM and the
magnetisation on the field input HTM is governed by hysteresis, which causes the value of
BTM to be dependent on both the instantaneous value of HTM in addition to its history of
previous values. As a result, the change in BTM following a series of directional changes of
the field describes a series of nonoverlapping reversal curves in the B–H plane, as described
in Figure 2 [18].
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(a) (b)

Figure 2. (a) MMST principle of linking concurrent remnant points with a single CP. (b) Illustration
of minor hysteresis loops, with CPs a, b, c and d linking a series of reversal curves of increasing
order, ultimately crossing RPs A and B at the intersection with the load line (black dashed-line). A
first-order reversal curve is generated following the field reversal at the major loop at CP a (blue
line). The following green, orange, and red curves are second-, third-, and fourth-order reversal
curves, respectively.

The classification of the TM as an LCF-PM means that it has a relatively low coercivity
of around 50 kA m−1, whereas an HCF magnet may have a coercivity on the order of
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1000 kA m−1 [17]. For the purpose of the system considered in this paper, this allows the
TM, which is consistently a 30 mm long AlNiCo 5 magnet, to be fully saturated (through
the alignment of all magnetic moments) by inducing a relatively low electrical current of
roughly 7 A in a 655 turn coil spanning the full length of the magnet. By varying the current
whilst the magnet is between the positively and negatively saturated magnetisation states,
we can change the remnant level of magnetisation and, therefore, the magnitude of BTM
that remains after the current is removed.

Remnant magnetisation state control is most efficiently achieved by applying a mono-
tonic change in a magnetic field until the magnetic (H, B) state reaches the corner point
(CP) to a reversal curve that intersects the proceeding remnant state, as shown in Figure 2a.
As a result, that CP, together with the previous CP (just as in points c and d in Figure 2b),
describe the bounds of a minor loop composed of two reversal curves that traverse the
previous and the new remnant state points (RP) (points A and B), respectively. This is the
formative idea of the minor-loop magnetisation state tuning method (MMST) proposed for
TMAs in [14].

To prevent the estimation of CPs corresponding to remnant states along higher-order
reversal curves from becoming an insurmountably complex task, J. Wiersema [15] extended
the congruency-based estimation method in [19] to predict the CPs of higher-order reversal
curves from first- and second-order curves. The congruency-based regularity of hysteresis
describes all minor loops bounded by the same input limits as having the same shape
(as illustrated by the two minor loops in Figure 2b) [18]. Although this feature is not
fully preserved in magnetic materials [17], it is generally accurate to assume that curves
stemming from the same reversal points are congruent [19]. Therefore, by transplanting
second-order reversal curves onto higher-order curves intersecting the same RPs, a tuning
method is developed that is capable of controlling the remnant magnetic flux.

The estimation method in [15] is performed offline while utilising a controller to attain
a damped system response that limits the overshoot that may occur at the CPs as a result of
the time delay of the controller; however, this also reduces the efficiency of the system. To
improve the tuning rate and the efficiency of the system, alternative methods to reducing
computational complexity should be explored, and the microcontroller must be replaced
by a higher bandwidth microcontroller or an FPGA [15]. However, increasing the tuning
rate also causes eddy currents to have a greater effect on the geometry of reversal curves
and, therefore, the accuracy of a congruency-based estimation as well.

The magnitude of the eddy current field Heddy is proportional to the rate of change
in magnetic flux density B and the conductivity of the material σ (1). An increase in the
rate of magnetisation thus also increases the required magnetising field to change the
flux density, causing reversal curves to expand outward along the H-axis, resulting in a
so-called ‘loop-widening’ effect.

∇2Heddy = σ
∂B
∂t

, (1)

The rate of change in B is furthermore dependent on the current in the coil I, which
depends on the inductance L. The inductance is, moreover, dependent on the reluctance of
the magnetic circuit <, as seen from the derivation of the voltage (neglecting resistance) Vφ

in a coil with N numbers of turns (2),

Vφ = N
dφ

dt
= NA

∂B
∂H

dH
dt

=
N2

<
dI
dt

= L
dI
dt

, (2)

When considering the isolated flux path through the TM in Figure 1a (red-dotted line),
the total reluctance may be approximated when the mover is in the centred position (x = 0)
by the linear expression in (3) [16].

< ≈ lTM
µrµ0 ATM

+
2lg

µ0 Ag
, (3)
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where lTM and ATM denote the length and cross-sectional area of the TM, lg and Ag are
the lengths and cross-sectional areas of the air-gaps on either sides of the mover, µ0 is the
magnetic permeability of a vacuum, and µr is the relative permeability of the TM. The
widening effect on reversal curves therefore changes depending on variations in µr (in the
range of 5 to 270, depending on the MS), causing the inductance and, thereby, the eddy
current field Heddy to change. The measured change in inductance throughout a minor loop
intersecting the saturated and demagnetised states is illustrated in Figure 3. When provided
the congruence principal and a constant voltage input, the shape of overlapping reversal
curves of different orders will nonetheless be the same, as the variation in µr and thus the
magnitude of Heddy is the same throughout the curves. Consequently, to prevent variations
in the measured geometry of congruent reversal curves, the possibility of controlling the
voltage to prevent overshoot is eliminated.
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Figure 3. Measurements from tracing a hysteresis loop in the upper half of the B–H. Top left: B–H
plane. Bottom left: transient change in magnetic flux density. Top right: change in current in and
voltage across the inductor. Bottom right: Change in inductance throughout the traced minor loop.

In summary, without a method of accurately accounting for rate-dependent non-
linearities, the problem of designing an MMST algorithm with an increased tuning rate
inherently extends to the problem of mitigating the overshoot of remnant magnetisation
states without the ability to modulate the voltage of the inductor. Given this extended
problem definition, this article proposes an alternative method for implementing the MMST
method on an FPGA in order to maximise the tuning rate and addressing the issue of
overshoot.

Rather than predicting the CP corresponding to a desired remnant state, through an
offline derivation of the intersection of interpolated measurements of first- and second-order
curves, as in [15], this intersection can be observed in real time when the measured (H, B)
state crosses a first-order reversal curve that intersects the next remnant state. This crossing
point is exemplified in Figure 4. Figure 4 further illustrates that the CP can be determined
at the point in time when the linearised slope of a descending first-order reversal curve
(red line), α, is equal to or greater than that of the green line, β, connecting the measured
(H, B)-state to the CP of that reversal curve. Hence, look-up tables were produced from the
measurement data of the slope of a series of descending and ascending first-order reversal
curves and (H, B) coordinates of their respective CPs along both ascending (dashed line)
and descending branches of the major loop. In other words, this method of determining
the CP of a given remnant state rests on the claims that (1) reversal curves are linear in
the region between the previous CP and the remnant state and (2) all reversal curves
intersecting the same remnant states from the same side of the B–H plane are congruent.
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Figure 4. Method for derivation of CPs to individual remnant states. A linearised descending first-
order reversal curve (red line) to the next desired remnant state (blue dot) is derived from a look-up
table. The CP is determined when the slope β of the green line connecting the current (B, H) state to
the CP of the linearised reversal curve (red dot) is smaller than the slope of the linearised curve α.

The control algorithm is summarised by a flow chart in Figure A1. A set of three
look-up tables for the slope α and CP (H, B) coordinates are interpolated and stored in the
FPGA memory from the identified ascending and descending first-order reversal curves
shown in Figure A2a and Figure A2b, respectively.

Figure 5 shows the transient change in the magnetic flux density in the TM, the electric
current in and voltage applied to the coil, and the resultant electrical energy of each tuning
step throughout a 0.2 s run-period of the MMST algorithm. As shown, each voltage pulse
is followed by a pulse of opposite amplitude to remove the current in the coil and reduce
ohmic losses. Without the ability to modulate the voltage, the induced field consistently
overshoots the CPs by a varying extent, depending on the rate of magnetisation, as can
be seen from errors between the reference and measured magnetic flux in the top-left plot
of Figure 5.

These errors are compared for a larger dataset of 2000 remnant states against the
electric current in the coil at the CPs and the difference in magnetic flux density between
the current and preceding RP, ∆Brem, in Figure 6. The error is linearised with respect to the
electric current and ∆Brem, forming separate functions for the predicted error corresponding
CPs in the left- and right-hand B–H plane, respectively. (These functions are captured
by the row vectors CM− and CM+ in the summary of the control algorithm in Figure A1),
which is hence subtracted from the magnetic flux in the CP approximation in the MMST
algorithm. After calibration, the mean average error is hence reduced to 0.45 mT, although
the standard deviation remains roughly the same (7.19 mT). The deviation is particularly
high when RPs are close together and the conjoining CPs are thus further away from the
major loop, making the approximation less accurate. Consequently, the RMSE is 4.80 mT
for RPs that are separated by more than 1 T and 8.05 mT for RPs that are separated by less
than 1 T.
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Figure 5. Minor loop magnetisation state tuning. (Top left): Magnetic flux density in the magnet
and reference values for remnant flux and the respective CPs for each remnant state. (Centre left):
Induced voltage and measured electric current in the inductor. (Bottom left): Calculated electric
energy of each individual tuning step. (Right): B–H diagram.
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Figure 6. Steady-state error of the magnetic flux in the TM for 2000 different reference values of
remnant flux when running the MMST algorithm before (grey markers) and after (black markers)
overshoot compensation. After calibration, the MAE is reduced to 0.74 mT, with a standard deviation
of 7.19 mT.

3. Circuit Analysis and Position Control

This section addresses the challenges regarding the realisation of a short-stroke posi-
tion stage working on the principle of remnant magnetisation state control and proposes
a method for determining the required and current magnetisation state of the TM. The
challenges involved in achieving position control are primarily two-fold and are therefore
presented in this order: (1) estimating the magnetic state within the TM from the mea-
sured magnetic flux, and (2) designing and characterising the equilibrium positions of a
mechanically supported mover.
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3.1. Estimation of Magnetisation State

The magnetic flux density in the TM BTM is inferred from the measurement of mag-
netic flux density in the rightward variable air gap, Bgr (Figure 1a). When the mover is
centrally located, and the reluctances of the opposing air-gaps are equal, this approximation
can be achieved by scaling and offsetting the measurements to match the theoretical major
hysteresis loop of the TM [16]. However, when the mover is displaced, resulting in a change
in the air gaps’ reluctances, the influence of the position on the magnetic flux in the air
gap requires the approximation of the magnetic flux in the magnet to be changed (the
presumption of the individually isolated flux paths in Figure 1a thus becomes inadequate).
Therefore, the position sensitivity of the measurement must be isolated before the magneti-
sation state (HTM, BTM) can be determined. For this purpose, the functional dependence of
Bgr on the mover position x is first determined from a linear lumped model of the actuator.

When considering the elements of the circuit (Figure 7a), which consist of laminated
silicon steel and air gaps, it is acceptable to assume that MMF Ψ is directly coupled to
magnetic flux density φ through reluctance < following Hopkinson’s law [1],

Ψ = <φ, (4)

where, assuming the magnetic properties of a given element is uniform over an area A and
length l, the magnetic flux and MMF may be simplified from Ampere’s current law and
Gauss’ law, respectively [1],

Ψ = Hl = NI, φ = BA, (5)

and the reluctance is defined as

< =
l

µ0µr A
(6)

(a) (b)

Figure 7. Lumped parameter model of the HTMA. (a) Illustration of the magnetic flux paths in the
actuator. (b) Electric circuit equivalent of the magnetic circuit.

The magnetic flux through a circuit composed of several such lumped elements may
be determined in analogous terms to how current in an electrical circuit is derived from
Kirchoff’s voltage and current laws. The MMF of m discrete sources and p inductors are
summed together in closed loops, and the magnetic flux in n discrete magnetic conductors
are added together at the nodes of inter-joining loops (7) [5].
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m

∑
h=1

Ψh =
m

∑
h=1

Hhlh =
p

∑
j=1

Nj Ij,
n

∑
k=1

φk = 0, (7)

While the TM is magnetised across a range of reversal curves, the applied field is
insufficient to magnetise the HCF-PMs beyond the linear region of the reversal curve at its
initial remnant state. The magnetic field HPM and flux density BPM can thus be described
by a linearisation of this curve, as defined by its relative permeability µr and coercive field
strength Hc,PM [3].

HPM =
BPM
µ0µr

+ Hc,PM =
φPM

µ0µr APM
+ Hc,PM, (8)

A further simplification can be made through substitution of the < property in (6),

ΨPM = HPMlPM = <PMφPM + Hc,PMlPM (9)

thus allowing the HCF-PM to be expressed as a Theuvenin’s equivalent of a series combi-
nation of a reluctance and an MMF source [9], as shown in the derivation of the electric
circuit equivalent in Figure 7.

The impossibility of creating magnetic insulation results in flux leakage throughout
the circuit [1]. The proportion of the magnetic flux short-circuits the magnets, and the coil
is captured through the parallel circuits of reluctances < f l,1, < f l,2, and < f l,3 (it is assumed
that < f l,2 = < f l,3).

Although the TM cannot be linearised, the intention is not to calculate the change in
flux across a reversal curve but rather across all remnant states when no external field is
applied (I = 0). Thereby, its reluctance can be ignored, and the solution to the variation of
the field parameter HTM is the magnetic flux in the circuit while the magnet is at a remnant
state. The relationship between HTM and BTM forms a loadline in the B–H plane that is
illustrated by the dashed line in Figures 2–5, which may be simplified by the expression
in (10). The loadline is shifted along the HTM axis by the field produced by the inductor
(Hcoil = NI/lTM). The slope of the loadline c1 is identified first experimentally such that
the major loop matches the theoretical hysteresis loop of the AlNiCo magnet and can hence
be used as a tuning parameter for < f l,1, < f l,2, and < f l,3 in the analytical model.

BTM = −c1

(
HTM −

NI
lTM

)
(10)

Following the rules of superposition, the lumped model of the actuator in Figure 7b is
decomposed into two linear circuits, whereby one circuit considers only the MMF source
of the TM, and the other considers only the two remaining MMF sources of the HCF-PMs.
It thus follows that the total flux in each of the air gaps can be calculated through the
summation of the fluxes from both circuits (Figure 8a). It should be noted that in the circuit
of the HCF-PMs, the reluctance of the TM is approximated based on its average magnetic
permeability of µr ≈ 5 at remnant states (see: Appendix A). All in all, the two lumped
models are fully defined by the equations in Table A1. The magnetic fluxes [φ1, φ2, . . . , φ9]
in Figure 7 are solved from the sets of equations pertaining to each superimposed circuit
and summed together.
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Figure 8. Magnetic flux in the left and right air gaps derived in the superimposed circuits of the HCF-
PMs and TM individually. (a) Schematic of the TM circuit (solid line) and the HCF-PM circuit (dashed
line) in the air gaps. (b) Derived magnetic flux in the left and right air gaps (denoted by subscripts gl
and gr, respectively) in the TM and HCF-PM circuits (denoted by the respective subscripts TM and
PM) when the mover is displaced in the x direction and at different remnant states of the TM.

A leftward shift of the mover in the positive x direction causes the reluctance of the
right air gap to increase and that of the left air gap to decrease. Logically, this causes the
measurable magnetic flux in the right air gap φgr to decrease, as is shown to be the case
for both the magnetic flux in the TM circuit φgr,TM and in the HCF-PM circuit φgr,PM in
Figure 8b. The total reduction in flux φgr is, therefore, higher when the magnetic flux in the
TM is more positive, as shown in Figure 9a, causing the change in φgr,TM with displacement
to be larger. When the TM is negatively magnetised, and the direction of φgr,TM thus
opposes φgr,PM, the position sensitivity of φgr decreases.

-500 -250 0 250 500

Displacement [ m]

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

B
g
r [

T
]

B
rem,TM

 = 1.03 T, dB
gr

/dx = -258.17

B
rem,TM

 = 0 T, dB
gr

/dx = -221.55

B
rem,TM

 = -1.03 T, dB
gr

/dx = -184.93

0.2 0.25 0.3 0.35 0.4 0.45 0.5

B
gr,x

0

 [T]

-260

-250

-240

-230

-220

-210

-200

-190

-180

B
g
r/

x
 [
T

/m
]

0 0.1 0.2 0.3 0.4 0.5 0.6

B
gR,x

0

 [T]

-180

-160

-140

-120

-100

-80

-60

-40

-20

0

B
g
r /

 
x
 [
T

/m
]

(a) (b) (c)

Figure 9. Position sensitivity of the measured magnetic flux φgr. (a) Summation of the magnetic flux
in the right air gap of the two superimposed circuits (in Figure 8b). (b) Change in the displacement
sensitivity of the magnetic flux density ∂Bgr/∂x at different remnant levels of magnetisation providing
a variation of the magnetic flux density in the rightward variable gap when the mover at the origin
Bgr,x0 ∈ [0.18, 0.49] T. (c) Linear correlation of the change in ∂Bgr/∂x with Bgr,x0 from measurements.

The increasing position sensitivity of the gap flux ∂Bgr/∂x when the TM is positively
magnetised describes a linear function. This linearity is indicated in Figure 9b, where Bgr,x0
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is the magnetic flux density measured when the mover is at the origin and may therefore
be directly related to BTM through (11), as follows:

BTM = c2
(

Bgr,x0 − Bgr,PM,x0

)
, (11)

where the scale factor c2, which, together with c1, is defined such that the state (HTM, BTM)
traces the major hysteresis loop of the magnet when applying a cyclic saturating field.

The linear relationship between ∂Bgr/∂x and Bgr,x0 was validated by magnetising the
TM to a number of different remnant states and displacing the mover in the a range of
±200 µm. Figure 9c shows the strong linear correlation of the experimentally obtained data,
allowing ∂Bgr/∂x to be estimated from the position x through the equations below:

∂Bgr

∂x
= −300.4x− 13.5, (12)

Given that Bgr can be accurately described with respect to Bgr,x0 and x from

Bgr =
∂Bgr

∂x
x + Bgr,x0 , (13)

we may rearrange (13) and insert the estimation of ∂Bgr/∂x in (12) to approximate Bgr,x0 ,

Bgr,x0 =
Bgr + 13.5x
−300.4x + 1

(14)

Thus, we remove the displacement sensitivity of the measured flux density. BTM can
hence be derived from (11) and HTM by rearranging the loadline Equation (10).

For verification, the major hysteresis loop of the TM was swept at different positions
(Figure 10a), and the approximation of BTM from Bgr and x was implemented to check the
agreement of the loops. Figure 10b shows the approximation of BTM. The intersection of
the major loop with the BTM axis at HTM = 0 is used to evaluate the agreement of the loops.
As shown in the right-hand plot in Figure 10b, the deviation of these intersections increases
from the baseline when the mover is further away from the centre. Nonetheless, the error
remains within 15 mT over the investigated movement range. The position sensitivity of
the error appears to be higher for the intersections in the lower half of the B–H plane.

(a) (b)

Figure 10. Estimation of BTM and HTM. (a) Magnetic flux density measured in the right gap Bgr

while the mover is displaced in the range of ±150 µm. (b-left) Estimation of the magnetic flux BTM

and field HTM in the TM from measurements in (a) of Bgr and the mover position x. (b-right) Position
dependence of the estimation error of the loops at the BTM axis intercepts with respect to the major
loop measured when x = 0.

3.2. Design and Characterisation of Motion Stage

The mover was supported by two leaf-spring flexures in a parallel arrangement. The
stiffness of this mechanism was designed such that the mover could be positioned to a
stable equilibrium throughout the displacement range while also utilising the full range of
remnant magnetisation states to minimise the positioning error. To obtain an indication
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of the required stiffness, the actuation force was derived from the lumped model across
the ranges of displacement and magnetisation states by integrating Maxwell’s stress tensor
across the air gap area Ag (15) [9],

Fa,x =
(φgl,PM + φgl,TM)− (φgr,PM + φgr,TM)

µ0 Ag
= Km(x)φTM + ka(x)x, (15)

The actuation force Fa,x may be decomposed into separate terms considering the effect
of the mover’s displacement x and the magnetic flux in the TM φTM. Due to the inclusion
of the bias flux paths, both the motor constant Km and the actuator stiffness ka were roughly
constant with respect to x [16]. The force–displacement relationship, derived from (15), is
illustrated in Figure 11a for different values of BTM in the tuning range of the magnet. An
HRA was connected in parallel with the HTMA, providing an additional negative stiffness
that, together with the stiffness of the flexure mechanism of 65 kN m−1, resulted in the blue
line. The equilibrium position was found at each magnetisation level at the point where
the sum of all the forces was 0 N. As shown in Figure 11b, the relationship between BTM
and the equilibrium position of the mover follows the shape of a third-order polynomial
function. Figure 11c shows the actual measured position of the mover after magnetising
the TM to 161 different remnant states. The measurements were interpolated by a similar
third-order polynomial, although with a shorter range than initially determined due to
practical limitations.
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Figure 11. Equilibrium position of the actuator mover at different levels of magnetisation. (a) Force–
displacement relationship from linear model with the TM at different remnant states. (b) Analytical
derivation from electrical circuit equivalent. (c) Interpolation of the position measurements.

4. Results and Discussion

A feedforward position controller was effectively produced from the third-order poly-
nomial function that was interpolated from the measurements (Figure 11c). By inverting the
function, the required remnant flux density BTM was determined for any given position x.
Table 1 shows a summary of inputs, measurements, and estimations of BTM while running
the MMST control strategy on an FPGA to track a position reference of a random series
of 150 statically held set points over a 1 s duration. The error between the reference and
measured position at the end of the 1 s settling time is shown in the bottom row. The
resulting RMSE is 3.98 µm over the full run. The results, thereby, successfully validate the
use of in situ magnetisation for quasi-static position offsets in a short-stroke electromagnetic
actuator.
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Table 1. Summary of inputs and measurements during position control of the hybrid tunable magnet
actuator through the minor-loop magnetisation state tuning strategy.

Reference (µm)
-200

0

200

Voltage (V)
-20

0

20

Magnetic flux density
in the right air gap
Bgr (T) -0.4

-0.2

0

Estimated magnetic
flux density in the
AlNiCo magnet
BTM (T)

-1

0

1

Position (µm)
-200

0

200

Steady-state error (µm)

0  1  2  3  4  5  6  7  8  9  10 148 149 150

Time (s)

-10

0

10

Due to inaccurate placement of the hall sensor casings, the mover was restricted from
being displaced beyond −157 µm (Figure 11c). The position–displacement relationship
of the HTMA follows a similar third-order polynomial function as determined analyti-
cally (Figure 11b), although the positive displacement at the lowest accessible remnant
magnetisation state is 180 µm less than expected. This is presumably due to the magnetic
losses being higher than anticipated or a higher mechanical stiffness than intended. Beyond
more precise manufacturing techniques, the location of the hall sensor may be changed, or
additional sensors may be added to improve the accuracy of the estimation of BTM. The
location of the hall sensor in the air gap was chosen to obtain an accurate representation of
the actuation force, but this led to the measurements having a high position dependence
and obstructed the mover from reaching its full positioning range.

Remnant magnetisation state control was achieved through a congruence-based MMST
method, with a tuning rate that was solely limited by the maximum voltage output of
the amplifier. Prediction of the overshoot of remnant magnetisation states reduced the
RMSE of the remnant magnetic flux density in the tuning range of ±1.2 T to 7.22 mT. The
resulting accuracy is comparable to that achieved in [15], where the rate of magnetisation
was modulated through linear voltage control to prevent overshoot and reduce eddy
currents. The accuracy of the presented MMST algorithm is higher when tuning between
remnant magnetisation states that are further apart, as shown in Figure 6. When tuning
between remnant states that are closer together, it might therefore be necessary to correct
the steady-state error by inducing a series of additional magnetisation field pulses until
the error is sufficiently reduced. This may, thus, warrant the design of a form of feedback
controller depending on the accuracy required for a particular application, although this
would reduce the efficiency of the system. Otherwise, it is probable that the application of
remnant magnetic state tuning in high-precision positioning systems can be complemented
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by the use of a conventional electromagnetic actuator for disturbance rejection, which may,
therefore, also be used to efficiently compensate for smaller steady-state errors.

A system integrating, for instance, an HTMA and an HRA in a parallel configuration
would broaden the applicability of the HTMA by leveraging the high acceleration provided
by an HRA for tracking high-frequency references while taking advantage of the high effi-
ciency of the HTMA in tracking low-frequency or quasi-static position offsets. Furthermore,
it would enable the rejection of undesired dynamics, including the overshoot of the TM
flux required to magnetise the TM to the CPs to their respective remnant states. Optimising
the energy efficiency nonetheless hinges on the ability to accurately define the comparative
energy advantage of the HTMA at different frequencies and amplitudes. Better modelling
with finite element software would allow for a more comprehensive study of the change in
temperature in the actuator. This could guide the actuator design and method of control for
a particular application through future work, thus allowing for a more direct comparison
of the thermal efficiency of existing systems.

Solving these problems would make the HTMA particularly well suited for compen-
sating for quasi-static forces in a gravity compensator. Gravity compensator designs using
HRAs allow for the compensation of constant forces with zero electrical current through
the zero-stiffness behaviour of the HRA by varying the levitation height [20]. To prevent
the need to change the levitation height, one must either actively adjust the arrangement of
PMs within the design, such as in [4], or their remnant magnetisation state. In [11], the latter
option was chosen, thus removing the need for moving parts, but the need for saturating
the PM in between magnetisation pulses means that the actuator significantly overshoots
each time the force must be changed. The strategy presented in this paper greatly reduces
this overshoot, allowing it to be efficiently compensated for by a conventional HRA.

5. Conclusions

An energy-efficient strategy for tuning the remnant state of a permanent magnet in
a range of ±1.2 T has been described. The implemented control algorithm uses a series
of look-up tables that are identified from measurements of first-order reversal curves.
Through this method, the magnet is tuned to a remnant state with a single voltage pulse
to an RMSE of 7.2 mT. A higher accuracy is attainable when tuning the magnet between
remnant states that are further apart (for differences over 1 T, the RMSE is reduced to
4.8 mT).

Aided by the construction of a lumped-parameter model, the gap flux and position
measurements are used to estimate the flux within the tunable magnet of a hybrid tunable
magnet actuator within an error of ±14 mT throughout the travel range. This allows the
magnet to be accurately tuned when the mover is at any position in the travel range of
−157 to 320 µm. The HTMA is controlled with a feedforward method to a series of random
setpoints, achieving an RMSE of 3.98 µm.
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Abbreviations
The following abbreviations are used in this manuscript:

TM Tunable magnet
PM Permanent magnet
HCF High coercive force
LCF Low coercive force
HRA Hybrid reluctance actuator
HTMA Hybrid tunable magnet actuator
MMST Minor-loop magnetisation state tuning
CP Corner point (or reversal point)
RP Remnant state point
RMSE Root-mean-square error

Appendix A. Lumped Parameter Model

Table A1. Superposition of linear and non-linear MMF-sources of the AlNiCo and NdFeB magnets,
respectively, in Figure 7b.

TM

L1,TM : <grφ2 +<glφ3 = NI − HTMlTM
L2,TM : −<grφ2 +<PMφ4 +<g f φ6 = 0
L3,TM : <glφ3 +<PMφ5 +<g f φ6 = 0
L4,TM : <PMφ4 +< f l,3φ7 = 0
L5,TM : <PMφ5 +< f l,2φ8 = 0
L6,TM : < f l,1φ9 = NI − HTMlTM

H
C

F-
PM

L1,PM : <TM,rφ1 +<grφ2 +<glφ3 = 0
L2,PM : −<grφ2 +<PMφ4 +<g f φ6 = −HPM,clPM
L3,PM : <glφ3 +<PMφ5 +<g f φ6 = −HPM,clPM
L4,PM : <PMφ4 +< f l,3φ7 = −HPM,clPM
L5,PM : <PMφ5 +< f l,2φ8 = −HPM,clPM
L6,PM : <TM,rφ1 +< f l,1φ9 = 0

φ
N1 : φ2 − φ3 + φ6 = 0
N1 : φ1 − φ2 − φ4 + φ7 − φ9 = 0
N1 : −φ1 + φ3 − φ5 + φ8 + φ9 = 0

Appendix B. MMST Algorithm

Figure A1 is a flow chart illustrating the implemented logic for the ‘tuning’ process
from one remnant magnetisation state to another. The interpolated CP (H, B) coordinates
and slope α of a series of the first order are stored on the FPGA in 2 sets of 3 look-up tables
for the ascending (M+) and descending (M−) reversal curves, respectively.

The interpolated overshoot of remnant flux set-points, from Figure 6, is expressed as
a function in terms of the electric current at the corresponding CP I and the difference in
magnetic flux density between the previous and the current remnant state set point, ∆Bset.
The predicted flux error is added to the magnetic flux density of the CP, as provided by
either look-up table.

For example, for a remnant state being accessed through an ascending reversal curve
in the left-hand B–H plane, the magnetic flux density at the coordinate position of the
corresponding linearised first-order reversal curve is offset by the value derived from
multiplying the row-vector CM+ (containing the coefficients of the function for the predicted
error) with the measured electric current and ∆Bset.
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Figure A1. Flow chart of the minor-loop magnetisation state tuning algorithm.

(a) (b)

Figure A2. Look-up tables identified from measurements of reversal curves. (a) Ascending first-order
reversal curves. (b) Descending first-order reversal curves.
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