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SUMMARY

To increase the accuracy of high-precision motion systems, the heat dissipation in electromagnetic
actuators must be reduced to limit thermal expansion.

Variable Reluctance Actuators have a high-frequency bandwidth but suffer from heating when pro-
viding high forces for sustained periods.

Tunable Magnet Actuators (TMA) can provide a force endlessly without the need for constant en-
ergy input. This is done by in-situ tuning of the remanent magnetic flux density of a low coercivity
permanent magnet that provides the magnetic field instead of a drive coil. The TMA is theoretically
capable of changing its output in 1ms, limited by the magnetic diffusion time of the AINiCo 5 mag-
net, resulting in an operational frequency bandwidth of f},,), max = 100Hz. However, changing the
force output requires significant energy input. Therefore, this approach is only beneficial for follow-
ing low-frequency signals of up to fpu,efr = 1Hz. Finding a solution to deal with the limited efficient
frequency bandwidth of the TMA is therefore a logical next step for the TMA.

In this thesis project, the chosen strategy to address the problem is the integration of a Reluctance
actuator with a tunable magnet actuator. This approach aims to achieve efficient low-frequency
actuation while also allowing the tracking of high-frequency signals. By combining these two ele-
ments, a notable reduction in heat dissipation can be achieved, mainly when the signal contains a
low-frequency component or is offset like in a gravity compensator application.

An obvious solution would be to either add a drive coil to the existing HTMA design by W. Hoekwater
or connect the HTMA in parallel with an HRA as proposed by E.P. Ronaes. However, this research
proposes an elegant actuator design that integrates a drive coil and a tunable magnet in a single
magnetic circuit, both acting on the same mover but separated by permanent magnets (NdFeB) that
provide a bias flux for both. This increases the motor constant and linearizes the actuator character-
istics. The design is shown in figure[0.1}

Using the Magnetic Equivalent Circuit method and the Maxwell stress tensor, the actuator is charac-
terized. The result is shown in figure[0.2] where the motor characteristic line is shifted up and down
due to the tuning of the magnet. Then, using COMSOL Multiphysics, a more detailed design is an-
alyzed. The results show a 12.4N/A motor constant for the drive coil and a 12.2N/T motor constant
for the Tunable magnet. Correction factors are added to account for magnetic non-idealities that
influence the magnet tuning. The Dynamic HTMA allows for the tracking of high-frequency signals.
When compared to a conventional reluctance actuator it has much less heat dissipation if the signal
is offset and for the same energy input, the force range is larger.
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Figure 0.2: Actuator Characteristics of a com-
Figure 0.1: Dynamic Tunable Magnet Actua- bined Hybrid Tunable magnet ac-
tor tuator at x=0
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1. INTRODUCTION

1.1. Motivation

Electromagnetic actuators are widely used in precision mechatronic systems [12]. They rely on an
electromagnetic coil to generate the magnetic flux that leads to a magnetic attraction force between
a mover and a stator. However, with the current that flows through the coil comes Joule heating. This
heat dissipation causes thermal expansion of the actuator components. Especially in vacuum envi-
ronments where convective cooling is not possible. For quasi-static applications that provide a force
over longer periods of time, this is a significant issue because it degrades the nanometer precision
of the actuator. To counter this, the Tunable Magnet Actuator project was started at the TU Delft in
2017. The goal of this project is to develop a high-efficiency electromagnetic actuator based on mag-
netization state tuning with negligible heat generation when operated in quasi-static mode[13].

For many years, Lorentz force actuators have been the industry standard due to their linear force-
current relation and low stiffness. However, the development of Variable Reluctance actuators (RA)
has shown that their force density can be up to 10x higher than Lorentz actuators. Because of their
non-linear force-current relation, advanced control is required [14]. In order to allow for linear con-
trollers, Hybrid Reluctance Actuators (HRA) have been developed that use a permanent magnet to
provide a bias flux which can provide a more linear force-flux relation.

The Tunable Magnet actuator (TMA) works to the same principle as Reluctance Actuators but re-
places the flux-inducing coil with a low coercivity AINiCo magnet. To control the force output, the
strength of the magnet can be tuned using a short current pulse. After tuning, the TMA requires no
energy input to maintain its force output, significantly reducing heat dissipation.

Examples of application areas that profit from more efficient actuators are high precision positioning
stages such as gravity compensators (figure[1.1p) and Deformable mirrors (figure[1.1p) as the gravi-
tational force is quasi-static and adaptive optics are often used in vacuum conditions like satellites
or EUV lithography machines.

Actuators

I

L — cail
. moving

magnet

, magnet for
gravity
compensation

base

Mirror facesheet

M Strut connecting actuator to facesheet

(a) A Magnetic Gravity Compensator by (b) A Deformable mirror Designed by TNO
Hiifner [3]. [15].

Figure 1.1: Example applications where tunable magnets can provide a benefit.



1.2. Prior Art

The concept of Magnetization state tuning has been applied in various applications and Vietor [7]
subdivided this into the following categories:

1. Magnetic Clamping

2. Flux weakening or boosting in electric motors

3. Magnetic gearing

4. Magnetic actuation
Applications in the Magnetic clamping category use an electro permanent magnet. Meaning the
magnet is switched on or off by fully magnetizing and demagnetizing the magnet. An example is
shown in figure[I.2)as designed by Knaian [16]. The tuning process is simple as the 'on’ state can be
reached by saturating the magnet in either direction. A complex algorithm is not required because it
is effective as long as the saturation threshold is exceeded.

Coil (N, o)

off Swirching On On Switching Off

(b) The schematic working principle
of the EPM Actuator

(a) A CAD model of the Electrop-
ermanent Actuator by Knaian
[16]

Figure 1.2: An energy-efficient Electropermanent Actuator

This clamping mechanism currently only supports 2 force levels. To use it as an actuator, a variable
force is desired. Hufner [3] proposes a Gravity Compensator where an AINiCo magnet is variably
tuned with a 3-step process to deliver a variable force. Tuning of the magnet is done using predeter-
mined current pulses as shown in figure[1.3]
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(b) The force output levels as a result of
increased current pulses.

(@) A schematic section drawing of the
MGC.

Figure 1.3: The schematic working principle of the Magnetic Gravity Compensator

This open-loop tuning process is limited as it is unable to deal with changes in the system and is



only able to reach the correct state from a demagnetized state. To enable the implementation of
in-situ magnetization state tuning for a broader range of applications, Vietor [7] developed a novel
tuning algorithm, and modeled, designed, and validated the first Tunable magnet actuator. This is
introduced in section[2l

1.3. Problem Definition

The TMA is theoretically capable of changing its output in 1ms, limited by the magnetic diffusion
time of the AINiCo 5 magnet. To avoid aliasing and have sufficient phase margin at unity-gain cross-
over frequency [12] states that the sampling rate should be about 10 times the control bandwidth,
resulting in an operational frequency bandwidth of f;,,n4x = 100Hz. However, tuning the magnet
itself requires significant energy input. In order to assess whether it is beneficial to use a TMA over a
conventional RA, a metric was introduced by [16], called the Break-even Tuning Interval (BTI) which
is shown in eq. Epys: are the hysteresis losses inside the permanent magnet during tuning and
ETM,copper, 18 the energy dissipation in the tuning coil. Pgy is the continuous energy dissipation of
a comparable reluctance actuator.

Ehyst + ETM,copper
Tpe =

(1.1)
Py

BTI calculations by [7] and [4] show that the TMA is only beneficial for following low-frequency sig-
nals of up to fpy,efr = 1Hz. Finding a solution to deal with the limited efficient frequency bandwidth
of the TMA is therefore a logical next step for the TMA. This work builds on prior work from [7], [4],
[1] and [2] and aims to improve the Tunable Magnet technology by expanding the dynamic capabil-
ities of the Tunable Magnet Actuator. The chosen strategy to address the problem is the integration
of a Reluctance actuator with a tunable magnet actuator. By combining these two elements, a no-
table reduction in heat dissipation can be achieved, mainly when the signal contains a low-frequency
component, is offset, or requires compensation for drift. An example of this can be seen in figure[1.4}
where a dynamic force in blue is provided by a reluctance actuator, and static offset force is provided
by the tunable magnet in green. If these outputs are added together, the combined actuator output
is more efficient than when a single reluctance actuator has to provide the red profile on its own. In
Appendix|C} a 1st-order approximation is made of how much the heat dissipation could be reduced
by using a combined actuator force output as shown in figure
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(a) A force profile executed with a Reluc- (b) The offset and dynamic force compo-
tance actuator with a constant bias force nents are split, but the combined output
of Fp=0N and 5N. is the same. Therefore, the RA operates

in a much more efficient force range.

Figure 1.4: An illustration of the split in low- and high-frequency signals.



1.4. Research Goal & Objectives

This research aims to further develop the Tunable Magnet Actuator to reduce heat dissipation in
high-precision applications. Therefore the goal of this thesis project is:

Develop a Hybrid Tunable Magnet Actuator that is capable of high-frequency actuation with low heat
dissipation

To achieve this, the following objectives are defined:

1. Develop a concept that combines a tunable magnet and a drive coil that maximizes the motor
constants to minimize heat dissipation.

2. Model the actuator with a 1st-order model to prove the functionality and illustrate the actuator
characteristics.

3. Develop more detailed 3D model that can be analyzed with a finite element model to provide
the motor constants, study non-idealities that can affect the operation of the actuator, and
prove the benefit of this actuator compared to a conventional reluctance actuator that has a
similar motor constant.

4. Develop a simple control algorithm and build a test setup to verify the FEA results and validate
the concept.

1.5. Thesis Outline

First, in section 2} the theory on permanent magnet modeling and magnetization state tuning is
introduced. This section can be skipped if you are familiar with this topic. Section [3|is the main
contribution in the form of a scientific paper. It is set up to be read independently and will there-
fore have some overlap with this introductory chapter. It does refer to the appendices of this report
for further reading. Conclusions and recommendations of the thesis are elaborated in section
Appendix[A|gives more details on the design process, Appendix[B|describes the plans for the experi-
mental setup, Appendix|[C|Shows a preliminary calculation on the benefits of separating the low- and
high-frequency forces and Appendix D] gives context on existing combined actuators found in the
literature.



2. PRELIMINARY

This section describes the theoretical background of magnets, magnetic circuits, and their combina-
tion to form an electromagnetic actuator.

2.1. Permanent magnets

A magnetic field H is produced by an electrical current as described by Ampere’s law.

j{H-dl =I,or 2.1)

This can be either from electrical current through a wire or on a quantum level through the move-
ment of electrons inside atoms. The magnetic field can be described by the flux density B in units of
Tesla. B and H are related to each other by the material property of py which describes the magnetic
permeability of a material. The flux density in the magnet can be found with equation[2.2} where H
is the externally applied field and M is the magnetization state of the magnetic material itself.

By = o (H+ M) 2.2)

Ferromagnetic materials such as iron can be magnetized when exposed to an external magnetic field.
This exposure can align the magnetic fields of small subdomains inside the material. When aligned
in the same direction, the material becomes a magnetic dipole with a north and south pole. The
magnetization process is not linear and has a hysteretic character that can be visualized by plotting
B against H. This magnetization process is presented in figure[2.1 When a magnet is first magnetized,
it will follow the so-called virgin curve up to the saturation point.

@ O @

b 6
B=~0 B = uo(H + M) B=B8,
/i‘l’ r—> i
|
i i i

/. Virgin
curve

Figure 2.1: 3 different Magnetization states of a ferromagnetic material [4].

The B-H curve shown in figure shows the Major Hysteresis loop that determines the outermost
operation boundaries of a magnetic material. It is important to note that changes to the magnetic



state adhere to Madelung’s rules, for example, they are history-dependent and loops can only be
traversed counter-clockwise [6]. When the magnet is demagnetized past the 'Knee point’ and the
applied field H,, is removed, the magnet will follow the recoil line trajectories as shown in figure
[2.2a. Furthermore, Figure[2.2b shows that Minor loops can be followed within the Major loop curve.

Knee-point

Recoil lines

\

Major Loop

(a) (b)

Figure 2.2: (a)The Major loop with its recoil lines. (b)Minor loops are followed when operating within
the Major loop boundaries.

2.2. Magnetic circuits

The magnetic permeability of iron is much higher than air, up to 200000 times higher for soft iron.
Therefore, an iron core or 'yoke’ can be used to concentrate and direct the magnetic field for our
benefit, for example from a coil to an air gap in an actuator.

AN
<
I

Figure 2.3: A simple magnetic circuit with a coil and a single air gap [5]

The magnetic flux density in the air gap as a result of the current applied to the coil can be calculated
by Ampere’s and Gauss’ law:



fH-dl=nI (2.3)

or
Hele+ Hglg = nl 2.4)

Assuming no flux losses, Gauss’ law states that flux throughout the circuit must be conserved:

BimAm = BgAg (2.5)

Making use of the known BH relations for air/vacuum: Bg = g Hg and B, = H, we can use equations

and[2.5]to derive:

nl
Bg = Agle L 2.6)
Aw
Assuming that Ag = A; and p > g this can be reduced to:
nl
By =H0 2.7)
lg

The example shows a simple case, but this derivation can be difficult for more complex magnetic
circuits. Therefore, the circuit can be modeled as alumped-parameter model with a magnetic source,
magnetic resistances, and magnetic flux. This magnetic equivalent circuit method (MEC) can be seen
as an analog to the electrical lumped parameter model as shown in figure[2.4|and table[2.]]

; ! | ) 7
! , ] _9 MMF =nl Ry =1y Ag'up (l)g,{lp
=\,
‘ 1 Ag

Figure 2.4: The Magnetic Equivalent circuit representation of the Magnetic circuit shown in ﬁgure
with a coil and a single air gap

Electric circuit Magnetic circuit
_v — MMF

current I=5 | flux o="%
current density J = lA flux density B= %

. _pl =L
resistance R =% | reluctance R= LA
voltage 1% magnetomotive force MMEF.=nl

MMFpm = HpLm

Table 2.1: Magnetic equivalent circuit comparison to the electric circuit lumped parameter model.

Using the equations provided in table[2.I|we can again calculate the magnetic flux density in the gap
as a result of the current applied to the coil:



_ (Pgap _ MMFC nl

B = (2.8)
4
Ag ~ RA;  RAg
The reluctance of the air gap can be approximated by:
l
R=—% (2.9)
/JOAg
Combining equation[2.8]and[2.9)we find:
1
By = (2.10)
lg

When electric and magnetic circuits become more complex, these derivations become too long to do
by hand. Kirchhoff’s Loop rule and junction rule can be used to set up a set of linear equations that
can easily be solved with linear algebra. An example of such a circuit is shown in figure[2.5]
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Figure 2.5: A Magnetic equivalent circuit of the Hybrid Tunable magnet actuator. [2]

2.3. Variable Reluctance Actuators

Variable Reluctance actuators generate their force through the magnetic attraction between 2 ferro-
magnetic materials inside a magnetic field generated by a permanent magnet, a coil, or a combina-
tion of both.

A common reluctance actuator design is in the form presented in figure 2.6}

bm Ag \'

Magnetization

Figure 2.6: A C-shape Reluctance actuator [4]



To find the force produced by this actuator, we can use the Maxwell Stress tensor [5] (equation[2.11).
It relates the force to the magnetic flux density in the air gap Bg. This can be found with the lumped-
parameter model this time considering 2 air gaps of identical length. (equation 22.

1 B2A
F=— ¢ B2nds= 225 (2.11)
210 Ho

Equation 2.11] shows us that the force relates non-linear to the control input parameter: current I.
While advanced modeling, smart control strategies, and other linearization methods [14] can be used
to negate this as much as possible, the intrinsic non-linearity is undesired.

The hybrid Reluctance actuator (HRA) is an evolution of this design. By using a permanent magnet
to create a bias force and a different layout, the force flux relation can be linearized. A schematic
overview of an HRA is shown in figure A bias flux, shown by the green dashed line, is created by
a PM, shown in green. A control flux, shown by the blue dashed line, is created by the coils. In the
left gap, the fluxes sum up while in the right gap, the fluxes subtract. Thereby, a linear relationship
between the flux and the force is obtained.

left gap right gap
b {
1 4
i\ [}
[ ¢C [ ]
------- bl oo M oo
: i -------J‘—: e Fomsmms _—>"1, """" i
I _—\\ o |

Figure 2.7: A schematic overview of an HRA. [I]

We can again calculate the flux in the gaps with the lumped parameter model. The Flux in the gaps
can be calculated from the coil and permanent magnets. With the current direction as defined in
figure[2.7)the total flux density in the left air-gap is By, ym + By, and in the right gap it equals Bg, pm —
B, . [12].

8,c

B Br Apm (2.12)
g'pm B 4Ag )
Bg,c = Fo c= g (2.13)
lg lg

For this actuator the force current relation can again be calculated with the Maxwell stress tensor [1]:

2 2
. ((/me,L + <Pc) (‘Ppm,R ‘PC) (2.14)
Z,U()Ag




Equation[2.14| can be simplified by rewriting the fluxes in the left and right gaps as a function of the
flux in the permanent magnet and even further by defining a motor constant K, and an actuator
stiffness k, to show the force current relation is linear to the control input and is position dependent
(equation[2.16).

lg+x lg—x
bGpmL=—77—Ppm PpmRr = —7—Ppm (2.15)
2, 21,
_ bom N
F= 5 (et gpmst) 2.16)
F=Kpl+kax

This development has unlocked a lot of potential to replace the established Lorentz actuators in ap-
plications such as deformable mirrors [8].

2.4. Tunable Magnet Actuators

By replacing the coil from the reluctance actuator with a coil and PM combination, an extra subsys-
tem is added. Contrary to the derivations shown in section 2.3} the current is not directly related to
the actuator force output anymore. The current is now used to change the remanent flux density of
the PM as explained in section[2.5] Therefore to control the force output of the actuator, the flux in
the gap is now considered to be its input control parameter. The force-flux relation of the C-shaped
TMA (figure[2.8) is given by equation[2.17

2 2
by BgAg  pon’I*Ag

F= _ 2.17)
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Figure 2.8: C-shaped Tunable magnet actuator as designed by Vietor [2]

In line with the work done by Ito [17] to linearize the reluctance actuator, Hoekwater proposes the
same method of linearizing the TMA by using bias fluxes from PMs. The magnetic circuit layout must
be optimized for the TMA because if the PM would be placed in the middle like in the HRA design,
the Tunable magnet flux would bypass the mover. The essence of the linearization method can be

seen in figure
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Figure 2.9: (a)Linearization method with required flux directions. (b) The resulting design of the Hy-
brid Tunable Magnet Actuator.[1]

Using the lumped parameter model and superposition for the two magnetic circuits, the following
force flux relation can be found:

((pbpm,gL + (pbtm)z - ((ppm,gR - (ybtm)z

= 210 A
2 HoZs , (2.18)
pm X
~ + _
[.L()Ag (ptm (ppm21g+p0Ag%tm
Where again, this can be simplified to the following force flux relation that is linear:
F=Kn®im+kax 2.19)

Ronaes showed that the original lumped parameter model could be improved by modeling the com-
plete circuit instead of using the superposition of 2 separate circuits. This showed that unlike previ-
ously assumed, the flux in the tunable magnet is also a function of the position of the mover. That
dependency can be used to compensate during the tuning process by relating it to the middle posi-
tion of the mover:

0By,
Bgr = Wx-l—Bgrny (220)

2.5. Magnetization State Tuning Algorithms

"The main challenge in implementing the TM concept is to determine the correct coil current to tune
the magnet to the desired strength.” — Vietor [7]

Section [2.3]shows how the magnetic flux in the gap is determined from a coil and from a permanent
magnet and how the operating point of the PM is derived. In order to 'tune’ the magnet, the oper-
ating point needs to be changed accordingly to reach a different flux level. The operating point of a
permanent magnet By, is dependent on any external applied magnetic field (by a coil) and the circuit
itis placed in. This is described by its Hysteresis curve and the load line [5].

For the example actuator shown in figure 2.8/ the method from the previous subsection can be used
to find equation[2.21] In combination with the Hysteresis curve of the PM, this equation can then be
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used to find the operating point as visualized in figure The Operating point of the magnet is the
intersection of the load line and the BH curve of the magnet.

(2.21)

Agl NI
B =t 2 (= 2

2 A1,
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Knee-point

A

Hp,
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mtg m

Figure 2.10: Operation point of a magnet in a magnetic circuit. [1]

If the operating point needs to be changed, this can be done with a current pulse on the coil and can
be described by a shift in the load line. This process is illustrated in figure When the applied
current is removed, the magnetic flux density will return to its remanent state which lies along the

unshifted load line.

ko Agln NI

Bn=—po———"——Hu— — 2.22
= b e ) (2.22)
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Figure 2.11: (a)Operating point can be changed by shifting the load line through an applied current
to the coil. (b) The PM is demagnetized from point a to b. When the current is removed,
the operating point follows the recoil line to a new remanent state c
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A key part of the Tunable Magnet actuator concept is the ability to control the remanent flux density
of the magnet. This is considered one of the biggest challenges in this project [7] as the tuning process
is non-linear, history dependant, and rate dependent.

4 methods have been proposed to accurately increase or decrease the magnet remanent state.

Saturation Magnetization State Tuning - SMST
The first method proposed by Vietor [7] is the SMST method. The steps are shown in figure
below. and consists of 4 states:
1. Off - This is the initial state.
2. Saturate - Positive current is applied to the coil, and the load line shifts right until Bg,; is
reached
3. Demagnetize - Negative current is applied to the coil, and the load line shifts left until the
desired 'Corner Point’ is reached (B.).
4. Decay - The current is released and the operation point will shift along the recoil line to the
new remanent state.

(1) off (2) Saturate (3) Demagnetize (4) Decay
Figure 2.12: The 4-step SMST process to achieve the desired operating point. [I]

e If an increase in remanent flux is desired, an internal minor loop curve is followed until satu-
ration. Followed by demagnetization to a new (higher) corner point via the major loop.

e If a decrease in remanent flux is desired, there is no need for saturation. Instead, the magnet
can be demagnetized directly to a new (lower) lower corner point.

Accuracy is high because the every tuning step the known major loop is reached. However, the SMST
is not very efficient as for any increase in strength, the saturation step is required.

Minor-loop Magnetization State Tuning MMST
Meijer [4] proposed the MMST method that does not require the saturation step for increasing the
magnet strength. This method is theoretically the most efficient method as no more tuning or current
is used than required to reach a given magnetization state. The steps are again listed below and
illustrated in figure
1. Off - This is the initial state.
2. Magnetize - Positive current is applied to the coil, the load line shifts right until the desired B,
is reached
3. Decay - The current is released and the operation point will shift along the recoil line to the
new remanent state.

13
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Figure 2.13: The 3-step MMST process to achieve the desired operating point. [I]

The MMST method has proven to be much faster and more efficient but significantly less accurate
than the SMST method as the model only contained the major B-H curve data and linearized recoil
lines. In practice, the operation point will not reach the Major curve until fully saturated, and there-
fore inaccuracies are introduced.

Envelope Magnetization State Tuning - EMST

Wiersema [6] showed that the linearizations and simplifications of Vietor and Meijer limited the ac-
curacy and efficiency of the tuning process. A history-dependent and non-linear algorithm was de-
veloped to better describe the Hysteresis properties of the magnet. Also, the curves within the major
loop are modeled by approximation to more accurately describe the B-H trajectories that the magnet
will follow (so-called reversal curves) when magnetized from any remanent state. Figure[2.14b shows
the conclusion of his research with accuracy in the left column and Energy usage in the right.

Magnetization State Tuning

SMST

MMST

EMST

(@) (b)

Figure 2.14: (a)The Envelope Magnetization State Tuning method with higher order reversal curves.
(b) The table shows that it is possible to reach high levels of accuracy without the energy-
inefficient saturation step. [6]

Following up on Wiersema, Ronaes [2] has developed an evolution of the MMST method that is based
on major loop data and linearization of the recoil curves only. Making use of flux feedback control,
the operating point is monitored and when it crosses the recoil line that corresponds to the target
remanent state the corner point is reached. This is illustrated in figure[2.15 where the angle a is the
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output and f is the reference. This allows for accurate corner point prediction without requiring the
data of the reversal curves (drawn in blue).
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Figure 2.15: Whenever the operation point (green) crosses the linearized recoil line (red dotted line)
of the target remanent state 2, the target corner point is reached. [6]

PWM-like Feedback tuning All of the aforementioned methods require prior knowledge of the Ma-
jor curve and use look-up tables and therefore require a calibration process for each actuator. To
circumvent this, Ronaes has designed a PWM-like feedback tuning method that uses a series of short
pulses and uses the flux feedback signal to determine if the required remanent flux state is reached
or if more pulses are required.
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Figure 2.16: Tuning results of PWM-like tuning to four different setpoints. [2]
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2.6. Energy dissipation

The purpose of the TMA is to reduce Joule heating through energy consumption reduction. Therefore
a performance indicator was conceived to assess in what situations a TMA is more efficient than a
conventional Electromagnetic Actuator (EM) for the same actuation force. This is calculated by the
Break-Even Tuning Interval (BTI). If the tuning interval is shorter than the BT], it is more efficient to
use a conventional actuator, if it is slower the TMA is more efficient. It is defined as:

Epyst + ETM,
The = —2 o copper (2.23)

Where Ej,y; are the hysteresis losses inside the permanent magnet. This can be visualized as the area
that is encircled in the B-H curve during the tuning process and calculated by:

Ehyst:AMlmedB (2.24)

ETM,copper, is the joule heating of the coil during tuning where I(¢) is the applied current, ¢ the total
tuning time and R is the resistance of the Coil.

T
ETM,copper:f Iz(t)Rdt (2.25)
0

Finally, the power dissipation of the EM can be calculated by:
Pgy = I5),R (2.26)

With the most recent designs from Hoekwater and Ronaes BTI values of 1.4s were achieved. Mei-
jer extrapolated his experimentally found values to find a theoretical optimum of 0.29s for the MMST
tuning method in his C-Shape actuator design, although further development and optimization would
be required to achieve these values. Ultimately the maximum tuning achievable speed is limited by
the magnetic diffusion time constant of the permanent magnet, where d,, is the diameter of the
magnet and p is the electrical resistivity of the magnet material [18].

L dBsar

160 Hsqr

Furthermore, to avoid aliasing and have sufficient phase margin at unity-gain cross-over frequency
Schmidt states that the sampling rate should be about 10 times the control bandwidth [12]. This

means that to have good performance, the achievable closed-loop bandwidth of a TMA is given by
equation Reducing the effective bandwidth of the current designs to f = 0.1Hz.

(2.27)

1
1= Tom,,

This means that currently, the TMA is suitable for actuation applications that require quasi-static
actuation only
The TMA is relatively efficient compared to reluctance actuators when [7]:

» Large constant bias forces are required

* The tuning magnet is small, due to fewer hysteresis losses

* Tuning times are short

(2.28)
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3. DESIGN OF A HYBRID TUNABLE MAGNET ACTUATOR WITH INCREASED
DYNAMIC CAPABILITIES

This page is left blank intentionally
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Design of a Hybrid Tunable Magnet Actuator with increased
dynamic capabilities

T.R. Swank

To increase the accuracy of high-precision motion systems, the heat dissipation in electromagnetic
actuators must be reduced to limit thermal expansion. Variable Reluctance Actuators have a
high-frequency bandwidth but suffer from heating when providing high forces for sustained
periods of time. Tunable Magnet Actuators can provide a large force endlessly without the need
for constant energy input. The efficient frequency bandwidth of the Tunable Magnet Actuator is
a limiting factor, Therefore, a combination of the two techniques is proposed to deliver efficient,
high-frequency actuation at a wide range of forces. A design is proposed that integrates a drive
coil and tunable magnet into a single magnetic circuit to maximize the motor constants. The
new Hybrid Tunable Magnet Actuator allows for tracking of high-frequency signals and has
reduced heat dissipation for signals that are offset from zero.

I. Introduction
ARIABLE Reluctance Actuators are widely used in precision mechatronic systems [1]. They rely on a drive coil to
Vgenerate the magnetic flux to provide magnetic attraction force between a mover and a stator. However, due to the
current that flows through the coil windings, these actuators suffer from Joule heating. This heat dissipation causes
thermal expansion of the actuator and the components around it. Especially in vacuum environments like space or EUV
lithography machines where convective cooling is not possible. For applications that provide a force over longer periods
of time like a gravity compensator, this is a significant issue because it degrades the nanometer precision of the system.

aff Switching On On Switching Off

(a) A CAD model of the Electroper- (b) The schematic working principle of
manent Actuator by Knaian [2] changing actuator states. [2]

Figure 1. The Electropermanent Actuator

A. State-of-the-art

In order to counteract the joule heating problem, magnetization state tuning is proposed as a solution. Knaian introduced
the Electropermanent Actuator [2] that provided an efficient magnetic clamping force. The clamping force is switched
on or off by fully magnetizing or demagnetizing a low coercivity AINiCo magnet using a magnetic field generated by a
current pulse from a coil. This allows the device to maintain a constant magnetic attraction force without constant energy
input and thus no joule heating after switching on. The principle is shown in figure 1. A complex tuning algorithm is
not required because it is effective as long as the magnetic saturation threshold is exceeded. This clamping mechanism
only has 2 states, on or off. To use it as an actuator, a continuously variable force is desired. Hufner [3] proposes a



Magnetic Gravity Compensator using a similar concept as [2]. In this device, the magnet is tuned using predetermined
current pulses to achieve varying levels of Force output.

To broaden the range of actuator applications, Vietor [4] developed a novel tuning algorithm and introduced the
Tunable Magnet Actuator (TMA) making use of the BH relation of the magnet and a linear model of the system. With
this novel algorithm, it was possible to tune the AINiCo5 magnet in situ with an accuracy of 16mT. Meijer [5], Wiersema
[6] and Roneas [7] have developed different methods to increase the efficiency of the tuning process. Hoekwater [8] has
redesigned the layout of the actuator and implemented NdFeB permanent magnets for bias flux. It has a bi-directional
force output and a linear force-flux relation that allows for the use of a linear controller.

B. Problem Statement

The TMA is theoretically capable of changing its output in 1ms, limited by the magnetic diffusion time of the AINiCo 5
magnet. To avoid aliasing and have sufficient phase margin at unity-gain cross-over frequency, the sampling rate should
be about 10 times the control bandwidth, resulting in an operational frequency bandwidth of f3,, max = 100Hz [1].
However, tuning the magnet itself requires significant energy input. In order to assess whether it is beneficial to use
a TMA over a conventional RA, a metric was introduced by [2], called the Break-even Tuning Interval (BTI) which
is shownin eq. 1. Ej,; are the hysteresis losses inside the permanent magnet during tuning and E7ps,copper i the
energy dissipation in the tuning coil. Pgy, is the continuous energy dissipation of a comparable reluctance actuator.

_ Ehyst + ETM,copper

Tpe ey

Pem
BTI calculations by [4] and [5] show that the TMA is only beneficial for following low-frequency signals of up to
Jbw,err = 1Hz. Finding a solution to deal with the limited efficient frequency bandwidth of the TMA is therefore a
logical next step for the TMA.

C. Research Contributions

This work builds on prior work from [4], [5], [8], and [7] and aims to improve the Tunable Magnet technology by
expanding the dynamic capabilities of the Tunable Magnet Actuator. The chosen strategy to address the problem is
the integration of a Reluctance actuator with a tunable magnet actuator. By combining these two elements, a notable
reduction in heat dissipation can be achieved, mainly when the signal contains a low-frequency component, or is offset
like in a gravity compensator application. An example of this can be seen in figure 2, where a dynamic force in blue is
provided by a reluctance actuator, and static offset force is provided by the tunable magnet in green. If these outputs are
added together, the combined actuator output is more efficient than when a single reluctance actuator has to provide the
red profile on its own. The goal is to achieve low-frequency actuation while also allowing the tracking of high-frequency
signals while minimizing heat dissipation. An obvious solution would be to either add a drive coil to the existing HTMA
design by W. Hoekwater or connect the HTMA in parallel with an HRA as proposed by E.P. Ronaes. However, this
research proposes an elegant actuator design that integrates a drive coil and a tunable magnet in a single magnetic
circuit, both acting on the same mover but separated by permanent magnets (NdFeB) that provide a bias flux for both.
This allows for a higher motor constant than the solutions mentioned above and linear actuator characteristics to reduce
controller complexity.

First, the tunable magnet actuator working principles are further introduced in section II. Next, in section III, the
concept of combining the 2 actuators is studied with a lumped-parameter model. Hopkinsons’ law is applied to calculate
the magnetic flux in the air gaps between the stator and mover. Using the Maxwell stress Tensor, the provided magnetic
flux can be related to the force exerted on the mover. Then in section IV, a more detailed design is made in CAD and
analyzed with FEM to verify the motor constants and study any non-idealities in the system that may affect the magnet
tuning. To validate the concept, the performance is compared to a conventional reluctance actuator with an equal motor
constant.
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Figure 2. An example of how the low- and high-frequency signals can be separated in a combined actuator

I1. Working principles of Reluctance and Tunable magnet actuators

Variable Reluctance Actuators (RA) generate their force through the magnetic attraction between 2 ferromagnetic
materials when a magnetic field is present. The variable magnetic field is generated by a drive coil. Next to that,
permanent magnets (PM) can be employed to create a bias flux to increase the motor constant and linearize the force-flux
relation. In recent work, this kind of actuator is referred to as a "hybrid’ actuator because of its two sources of magnetic
fields. The working principle of the Tunable Magnet Actuator (TMA) is very similar to reluctance actuators, however,
for its magnetic field generation, it relies on a low-coercivity permanent magnet that can be tuned instead of a drive coil.
In order to control the actuator output, a model must be employed to correctly tune the magnet to a desired magnetization
state as this will determine the flux in the system and the force exerted on the mover.
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Figure 3. A C-shape Tunable Magnet Actuator [5]

A. Circuit and Permanent Magnet Modeling
The C-shape actuator in fig. 3 designed by [4] and [5] is used as an example. The AINiCo 5 magnet of length /,,, forms
the main source of a magnetic field. A tuning coil is placed around the magnet with N windings to provide current
pulses for changing the magnetization state. Soft iron yokes (B) and a Mover (C) with cross-section Ag complete the
magnetic circuit. The distance between the stator and the mover is denoted by /.

The output of the Actuator can be calculated with the Maxwell Stress Tensor [9] in eq. 2.

1 B2A,
F=— ¢ Blnds=—2"2% 2)
210 Ho

where B,, is the magnetic flux density perpendicular to the yokes in the gap area, with n being the normal vector.
This gap flux can then be related to the flux density inside the magnet. For permanent magnets, the flux depends on the
magnet’s operating point (B,,, H,,). The operating point can be determined from the intersection of the load line and



the demagnetization curve of the magnet in the second quadrant of the B-H plane [9]. The load line defines the relation
between the flux density inside the magnet and the current applied by the tuning coil while placed inside the circuit.
This relation is illustrated in fig. 4

To derive the load line for this circuit, a lumped parameter model is used. Ampere’s circuit law describes the
conservation of magnetomotive force over the flux path ¢,,, where H,, and H, are the respective magnetic field
intensities in the magnet and air gaps. The yokes are considered ideal, meaning no MMF is lost between the magnet and
the air gaps.

Hyly +2Hly = Nlyyne A3)

Gauss’ law states that flux throughout the circuit must be conserved. The cross sections of the magnet and air gap
are denoted as A, and Ag

BmAm = BgA, @)
The relation between B, and Hy for air or vacuum is:

By = poHy &)

Equation 3, 4 and 5 are combined to derive the load line. Depending on the remanent state of the magnet, the
operating point can be found as illustrated in fig. 4(a).

A ’lm Nltune
By = — po5——(Hp — (6)
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(a) Operating point can be changed by shifting the (b) The PM is demagnetized from point a to b.
load line through an applied current to the coil [4]. When the current is removed, the operating point
follows the recoil line to a new remanent state c

[4].

Figure 4. A visual representation of Magnetization state tuning in the B-H domain

B. Magnet demagnetization

Figure 4(b) highlights the knee-point of the Major loop hysteresis curve. Suppose that the magnet’s operating point
is in point[a]. When sufficient current /;,,,. is supplied to the curve, the load line and operation point shift past the
knee-point towards point [b] the so-called corner-point. When the desired corner point is reached, The input voltage is
removed and the current decays to OA, the operation point then follows a recoil line because the major loop curve can
only be traversed anti-clockwise. Operation point [c] is now the new rest state. Consequently, the flux in the actuator
and thus the force output has reduced. The energy input required for this operation can be calculated by:
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which can be visualized by the area that is encircled in the B-H curve during the tuning process, and:

T
ETM, copper = / Itzune(t)Rdt (8)
0

Which are the resistive losses in the tuning coil with tuning time 7" and tuning coil resistance R. It is important to note
that traversing the BH curve is time and history-dependent and therefore the recoil lines are different when entered from
the left or from the right side of the Major loop [6]. Different algorithms are available to tune the magnet. They are
described in the preliminary knowledge section.

C. Hybrid Tunable Magnet actuator

Permanent NdFeB magnets can be used to generate bias fluxes in the circuit to create a linear force-flux relation which
improves the accuracy of the actuator when a linear controller is used. Figure 5a shows an example of such a Hybrid
Reluctance Actuator (HRA). The bias flux in the left gap adds to ¢4,y and the bias flux in the right gap gets subtracted.
The Maxwell stress tensor for this actuator (eq. 9), shows that the force-flux relation can be reduced to linear eq. 10.

F= (¢pm,gapL + ¢c)2 - (¢pm,gapR - ¢drive)2 )
- 2u0Ag
_ Ppm ) x
F= HOI’ZAg (¢dr1ve + ¢pm 2lg) (10)

F = Kariveldarive + kax

W. Hoekwater [8] drew inspiration from this to design a TMA with a linear force flux relation. Figure Sb shows his
design. Note that the coercivity of the NdFeB magnets is much higher and is therefore not significantly influenced by
external fluxes. The layout of the NdFeB magnets are important to the concept Because the flux of the TM (red) should
not be shortcutted by iron yokes. If it is shortcutted, no flux will flow through the mover and thereby no force will be
generated. Both PM’s act as a barrier for the TM flux as well as providing the bias flux similar to the HRA concept.
Because the reluctance of a permanent magnet is very high, it is inefficient to have the flux from the TM pass through
the PM’s, therefore the two separate flux loops are created. The Maxwell stress tensor again shows the linearity of the
actuator with respect to the flux in the TM in eq. 12

(¢pm,gL + ¢tm)2 - (¢pm,gR - ¢tm)2
2}10Ag

F= an

_ 2¢pm ( Z—X)
~ oAg ¢tm + ¢pm 2g+poAg Rem (12)

F = K[thm + ka.x

left gap right gap
\ /

(a) A Hybrid Reluctance Actuator design (b) A Hybrid Tunable Magnet
(HRA) [8] Actuator design (HTMA) [8]

Figure 5. Hybrid variants with NdFeB magnets in green and the Tunable AINiCo5 magnet in red.



I11. Design of a Dynamic Tunable Magnet Actuator

A. Concept Design

The challenge in electromagnetic actuation is to reduce heat dissipation. The development of tunable magnet actuation
is a solution to counter this, providing a constant force without constant heat dissipation. However, the energy input
required to (de)magnetize the magnet, still results in heat dissipation. Therefore, it’s only efficient if the TMA operates
quasi-statically.

This research proposes a Tunable Magnet Actuator design that has two controllable sources of magnetic fields. First
the AINiCo5 magnet for steady state forces with corresponding tuning coil to change its remanent state and a drive coil
like it would be used in a conventional reluctance actuator for dynamic actuation. Therefore the actuator will be referred
to as the Dynamic Hybrid Tunable Magnet acuator.

In order to have an efficient actuator, the motor constant must be maximized. With this in mind, the following design
principles should be applied:

1) Both the tunable magnet flux and drive flux paths should not be able to shortcut the mover. No flux in the air
gaps means no force is exerted on the mover.

2) Permanent magnets with a high coercivity (NdFeB) can provide bias flux ¢, to increase the linearity and motor
constant of the actuator

3) The drive flux path ¢4,ive should not pass through the TM. This is because of two reasons. Firstly, the TM itself
has a high reluctance and thus acts as a large air gap, reducing the motor constant. Secondly, the drive flux could
affect the magnetization state of the TM unintentionally.

4) The tunable magnet flux ¢;,, and the drive flux path ¢4, should not pass through the permanent magnets. The
PMs also act as an air gap and this increases the reluctance, reducing the motor constant.

Note that the HRA and the HTMA from fig. 5a and 5b could be connected in parallel by rigidly connecting their
movers with a non-ferromagnetic material as proposed by [7], which is reviewed in Appendix D. The two actuators keep
their own characteristics and fulfill the design principles mentioned above.

However, this research proposes a design that combines the two actuators into a single magnetic circuit as shown in
fig. 6. The top part resembles the HRA design from fig. 5a with two drive coils connected in series providing a variable
force with its flux path shown in blue and PM A to provide a bias flux. The bottom part resembles the HTMA in fig. 5b
as designed by [8] with the tunable magnet flux path shown in red and the PM’s B and C in the center-right and -left,
providing a bias flux. This is a more efficient design than the parallel connected HRA $ HTMA layout because, for the
same amount of material, the motor constant for the drive side is doubled while maintaining the performance of the
tunable magnet.

B. Design analysis

The increased motor constant can be explained by the fact that the permanent magnets B and C now also contribute to
the motor constant, whereas in the parallel setup, the flux paths were completely separated. Because PMs B and C
also provide a bias flux for the drive coil flux, PM A is not necessary for this concept to function as intended, but the
extra bias flux it provides, adds to the motor constant of the drive side. A downside of having PM A is that it adds to
the negative stiffness that could complicate controlling the actuator, this is a feature that most hybrid actuators suffer
from. Their negative stiffness creates an unstable system. To account for this, positive stiffness needs to be added either
mechanically or virtually by controlling the drive coil. In this actuator, the bias fluxes in the top and bottom are uneven,
and thus the bias flux generated by PM A contributes to a moment generated in the mover. In general, moments exerted
on the mover is a potential issue with this design, because the forces in the upper and lower gap are designed to be
independent. Linear guidance should aim to prevent the rotation of the mover.

PM B and C do not only provide bias flux but also act as large air gaps to separate tunable magnet and drive coil flux
paths. Shorter magnets would increase the force density as the reluctance of their flux paths would decrease but a certain
length is required to limit the influence the drive coil has on the tunable magnet and prevent mixing of the controllable
flux paths ¢ 4,ive and ¢y, Geometries of all components could be optimized for the best force density but that is beyond
the scope of this research. Further design considerations and alternative designs can be found in Appendix A.
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Figure 6. The schematic design of the Dynamic Figure 7. Magnetic Equivalent Circuit model with
Hybrid Tunable Magnet Actuator superposition of the different flux loops

C. Actuator characteristics

In order to model the new actuator design, the Maxwell stress tensor in eq. 13 relates the fluxes in the air gaps to the
force on the mover. Using the Magnetic Equivalent Circuit method and the principle of superposition, the six unknown
fluxes can be found. The first two are the drive coil flux ¢,y in the upper gaps and TM flux ¢;,, in the lower gaps
which can be adjusted independently by the controller of the actuator. The permanent magnets provide the bias fluxes
from the permanent magnets in the left and right, upper and lower air gaps, @ pm. ¢,uLs® pm,g,uR @ pm,g.iL> a0d G pm g IR
These fluxes only vary with the position of the mover.

F = (¢pm.g.ul4+¢drive)2_(¢pm.g.uR _¢drive)2

2upAg + (13)
2
(‘/’pm.glL*“/’tm)z—(¢pm,g,1R - ‘/’lm)-
2[[()Ag

The Magnetic Equivalent Circuit method models magnetic circuits as electronic circuits. Figure 7 shows how the
actuator can be modeled as a set of voltage sources and resistors that induce a current, which are a representation of the
MMF sources, air gaps, and magnetic flux respectively. It is important to note that this is a simplification and that unlike
in electronic circuits, isolation of magnetic fields is very difficult. However, to better understand the concept and flux
paths, the circuit is considered to be ideal. That means that no flux losses are present and that the yokes have negligible
reluctance. The reluctances of the air gaps are dependent on the position of the mover x. The gap length when the
mover is in the mid position is /, and the fixed air gap between the mover and PM A has length /. Together with the
magnet reluctances, they can be expressed as:
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Using Hopkinson’s law, the flux in the four separate loops in fig. 7 can be approximated assuming an ideal circuit by
¢ = MME.

R
1) Loop 1, The flux from the drive coil:
Nldrive

oo flrdrive 15
¢drlve Rg,uL T Rg,uR ( )
The flux from PM A 0o
Ppm.a = e (16)
PIE " Reut + Rgur + Rpm
2) Loop 2 The flux from PM B
H mlpm
Ppm.B = £ (17
P Rg,uL + Rg,lL + Rpm
3) Loop 3, The flux from PM C
Hpmlpm
s (18)
9 pm.c Reur + Rgir + Rpm
4) Loop 4, The flux from the Tunable Magnet
H;,,l
Gim = i (19)

Reir + Rg 1R + Ry

With all loop fluxes known, the superposition principle is applied to find the bias fluxes in the four air gaps from the
permanent magnets:
¢pm,g,uL = %sz¢pm,A + ¢pm,B
¢pm,g,uR = L;T_gx‘ﬁpm,A + ¢pm,C (20)
¢pm,g,lL = ¢pm,B
¢PM,8,1R =¢pm,c

With the results of eq. 15, 19 and 20, the Maxwell stress tensor from eq. 13 can be evaluated to the following:

Dpm.g, x
F = L8R ¢drive+¢pm,g,u7 +
8

/'lOAg
2¢pm,g,l
/JOAg

Equation 21 can be simplified to a linear equation where K,y and K;,, represent the motor constants and k, the
actuator stiffness:

ey

N 2x
¢tm ¢pm,g,l 21g T IlOAgRtm

F = Kgrivelarive + KimBim + kaX (22)

Figure 8 shows the force-current relation of the new design. K4, represents the slope and the force-flux relation
for the tunable magnet K}, By, can be visualized by the motor characteristic shifting up and down, changing the output
force range, while maintaining a low input current.
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Figure 8. Actuator Characteristics of the Dynamic Hybrid Tunable Magnet Actuator at x=0

IV. Detailed design analysis

To validate the concept and further study its characteristics, a prototype actuator is designed. A 3D FEM model is then
analyzed in COMSOL Multiphysics to predict the performance and better understand magnetic non-idealities in the

system.

In order to benefit from prior research by [4], [8], and [7], the tunable magnet and tuning coil is kept the same as in
their work. For this magnet, the material properties, tuning algorithms, and characteristics are known and therefore, this
is a starting point for the design requirements. To validate the energy dissipation benefit of this actuator, both the drive
coil and the tunable magnet sides should be able to deliver a similar output force with the available lab equipment and
materials. These basic requirements are listed in table 1.

Table 2. Actuator Design Parameters

Symbol Value Comment
AINiCo 5 magnet
lLim 30mm Tunable Magnet length
dim 10mm Tunable Magnet diameter
Br.tm 1.25T remanent flux density
Heim 50kAm™" coercive force
Hr,tm 0.95B; tm +4.96  relative permeability recoil lines
NdFeBr magnet
lpm 20mm magnet length
. Wpm 10mm magnet width and height
Table 1. Actuator design Targets Brym 1.38T remanent flux density
Hr,pm 1.05 relative permeability
Symbol Value Comment Magnetic circuit
Fim,max +10N TM Force range, set by prior work [8] Hr.es 4000 relative permeability
Farive,max +10N drive coil force range, to compare to TM Ag 10x15mm air gap surface area
Larive,max +5A Max current input with available hardware lg 1.25mm length air gap in mid position
Xmax +0.5mm movement range with available flexures ly 1mm length fixed air gap
lg > Ilmm min required gap length to fit Hall sensors Ncoil 200 total # of drive coil windings

With manufacturability and availability of components in mind, the conceptual schematic layout from fig. 6 is
developed into a CAD model shown in fig. 9. The dimensions and material properties can be found in table 2.
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Figure 10. FEA result of the actuator characteris-
Figure 9. A CAD design of the Dynamic HTMA tics at x = Omm.

A. Actuator Characteristics

Figure 10 shows the actuator characteristics when the mover is in the mid position. The slope of the line represents the
motor constant, Ky, and the shift up and down is due to the magnetization state tuning, Ky, By, The Actuator has a
negative stiffness which contributes to the output force if the mover is not in the middle position. Table 3 summarizes
the actuator characteristics as specified in eq. 22. For simplicity, the motor constants are reduced to a linear model
around the actuator rest state and mid-position. i.e. Igrive = 0A, By, = 0T, and X,y = Omm. Non-linear effects like
flux losses and fringing fluxes that occur with mover displacement are discussed in the next section.

Table 3. Actuator characteristics found by COMSOL FEA

Symbol Value Comment
Karive 124N /A Motor constant
K 122N/T Motor constant
K, —59.4kN/m Actuator stiffness
Xmax +0.2mm movement range
Friax,x=0 +48.6N  Combined Force range

B. Modeling non-idealities
To accurately tune the magnet, the magnet operating point must be known, for this, the load line is used.

Aglm (Hm _ NItune

By = —ptg—35""
KO Al () I

) (23)

Equation 23 was derived using a lumped parameter model with an ideal magnetic circuit. In reality, fringing and
leakage fluxes and MMF loss due to material properties occur in the system. To account for this in the load line equation,
correction factors should be applied. Because the variable air gaps play a significant role in losses, the correction factors
are defined as a function of the mover position. Using the COMSOL Multiphysics FEA model, the loss factors can be
found and described by a polynomial fit. In this design, 4 correction factors are applied:

1) The flux loss in TM circuit changes the slope of the load line, indicated by k;, and k.

— ¢tm,gL i kR — ¢tm,gR (24)

¢tm ¢tm

2) The magnetomotive force loss in TM circuit that changes the slope of the load line, indicated by kaspsF-

kp

Hy, (lg —x) + Hp (lg +x)
Himlym

kymr = (25)
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3) The applied magnetic field on the TM by all NdFeB magnets in the circuit that shifts the load line, indicated by

kpm.
MMFpm’s @tm
- 26
77 (26)
4) The applied magnetic field on the TM by the drive coil that shifts the load line, indicated by k, where:
kx — MMFdrive@tm (27)
MMFdrive@coil
With these corrections applied to the load line, the equation is expanded to the following:
NI MMF; Ny
B, =c|H,, - tune kpm lpm k. drive (28)
Lim Lim Lim
where: . A
c=— MMFHM0Aglim (29)

((kp +kg)lg + (kg — kL) X) Apm

Table 4. Loss correction factors found in FEA

Mechani Symbol Polynomial fit
Flux loss Left ki, 0.07x2 +0.13x +0.34
Flux loss Right kr 0.07x% — 0.13x +0.34
MMF loss knmrp  =3.4-1073x2 = 1.98 - 104X +0.984
PM influence on TM  kpn 0.22x - 1.6-1073
Cross act. influence kx 7.6-109x2+1-107x-1.2-107*

Table 4 shows the results of the FEA. The flux loss factors show that only ~ 34% of the tunable magnet flux
contributes to the force output. This is mainly due to the high reluctance of the tunable magnet flux path. If the
length of the tunable magnet would be reduced, k;/kg and consequently K;,, would increase. The influence of the
magnetomotive force loss is low due to the high permeability of the electrical steel. The influence of the PM’s magnetic
fields on the TM can affect the magnet tuning. kpps can shift the load line up to 2% of H. ;,, when moved to the
extreme positions. With the slope of the major B-H curve in mind, this can lead to tuning errors of up to 0.347. Finally,
the shift in load line due to the magnetic field of the drive coil is negligible at a maximum of ~ 2.4A/m at I 4, = 3A
and x = 0.2mm. This is attributed to the length of PM B and C as discussed in section III. It is expected that if those
magnets are replaced with shorter variants, k, will increase.

C. Actuator performance
To show the benefit of using the Dynamic HTMA, the energy dissipation of the novel actuator design is compared to a
hypothetical Hybrid Reluctance Actuator without a tunable magnet but with the same motor constant K 4,;,.. Based on
the actuator characteristics from table 3, the heat dissipation for different reference signals is calculated by eq. 30
P=1;

drive

R (30)

The reference force signal has a dynamic component that is a sinusoid with an Amplitude of F4 = 1N, a frequency
of f = 3Hz, and a constant offset component F of ON,2.5N and 5N.

Fref =FAsin(27rft)+F0 (31

In the new design, the controller should be designed to separate both terms and use the drive coil for the sinusoidal
term and the TM for F. The reluctance actuator with the same motor constant will have to deliver more current to also
provide constant magnetic flux for the Fyy term. For the Dynamic HTMA, a worst-case energy dissipation of 0.3/ is
used for tuning the magnet to provide the required Fy. The results are shown in fig. 11.

For Fy = 0, both actuators work identically as only the drive coil is actuated and both actuators have an identical
Karive- When Fy is increased, the HRA shows exponentially more energy dissipation. The Dynamic HTMA requires
an initial energy input of E;,,,. = 0.3J but /4. only needs to deliver the dynamic part of the signal. Therefore, the
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actuator is increasingly more efficient for larger values of Fyy. E;,,. not only depends on the targeted tuning state but
also the previous state due to the hysteresis inside the AINiCo 5 magnet. Because the tuning energy becomes less
significant with larger force offsets, the efficiency bandwidth of the TM increases.

From a different perspective, the force range for the same continuous energy dissipation is increased when a TM is
used. Suppose a continuous heat dissipation as a result of 1, = 1A is acceptable for a system. The HRA then allows
a force range of +12.4N. While the TM brings allows a force range of +24.6N for the same energy dissipation. This is
visualized in fig. 12 which shows the force range of the HRA in red and the expanded force range in green.
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Figure 11. The energy dissipation over time of Figure 12. The Dynamic HTMA has an increased
both actuators following the reference signal with force range for equal energy input.
Fp=0,2.5,5and 10N.

V. Conclusion

A. Conclusion

To deal with the efficient frequency bandwidth limitation of the TMA, this work explored the working principle of
combining a Tunable Magnet actuator and a Reluctance Actuator. A design that uses a tunable magnet actuation
for quasi-steady state outputs and a drive coil for higher frequency actuation is proposed and analyzed. The main
contribution to the state-of-the-art in Tunable magnet technology can be summarized by the following points:

e The Dynamic Hybrid Tunable Magnet Actuator now allows for tracking of high-frequency signals. This is due to
the additional functionality of the drive coil. It shows the benefit of implementing TM technology into existing
Actuator applications. Furthermore, the drive coil can also compensate for inaccuracies or transient states of the
T™.

» Heat dissipation is significantly reduced if a signal is offset. This is due to the separation of low and high-frequency
signals reducing the work the drive coil has to deliver.

e The TM increases the maximum force range of a reluctance actuator for the same heat dissipation. This was
visualized by shifting the motor constant up and down. Using the TM, the position or force output at the resting
state (I4,ive = 0A) can be changed as desired.

With these 3 points in mind, the actuator would be suited for an application such as a gravity compensator that
requires high-frequency bandwidth to reject disturbances and a steady state force to support the weight of an object. The
drive current and tunable magnet inputs can be linearly related to force output allowing for a linear controller. Using
COMSOL Multiphysics for a magnetic Finite element analysis on a more detailed design, the motor constants are found
at 12.4N/ A for the drive coil and 12.2N /T for the Tunable magnet. With these parameters, the heat dissipation in the
system is compared to a single reluctance actuator. Although there is an initial energy penalty of up to 0.3J for tuning
the magnet, the continuous energy dissipation after tuning is reduced by ~ 98% for a sinusoidal dynamic signal with a
steady-state offset of SN.
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B. recommendations
For future work, the following recommendations are made:

(8]

(9]

* An experimental setup was designed which is shown in Appendix B. This is useful to verify the FEA results, use
as a test bed for a controller design, and verify the dynamic behavior.

» There is a big challenge in the control aspect. The drive coil can be used to compensate for mover disturbances
from tuning the magnet as there is an inherent overshoot due to the required flux from the tuning coil to change
the magnetization state of the TM. Furthermore, a control algorithm needs to determine whether the actuator
should use the drive coil or the TM to follow a reference signal. It may be unknown if a disturbance is short, like
external floor vibrations, or can be a quasi-steady state like drift or temperature offsets.

» The 2D schematic approach easily shows the flux paths, but the long magnets are not efficient due to their high
reluctance. The geometry of all components can be optimized for motor constant and force density. Shorter
magnets, a 3D design yoke with flux losses in mind, and small air gaps can prove beneficial to reduce heat
dissipation. Using this actuator concept for an application like the gravity compensator will give clear requirements
and can optimize the design to meet the performance targets.
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4. CONCLUSION AND RECOMMENDATIONS

4.1. Conclusion

Tunable Magnet Actuation is a solution to the problem of heat dissipation in electromagnetic ac-
tuation. However, its application is limited to quasi-steady state actuation only. To deal with this
limitation, the following goal was set:

Develop a Hybrid Tunable Magnet Actuator that is capable of high-frequency actuation with low heat
dissipation.

This work explored the working principle of combining an efficient tunable magnet for quasi-steady
state outputs and a drive coil for higher frequency actuation to achieve efficient actuation at a higher
frequency range. The conclusions are discussed below using the objectives set at the beginning of
the project.

"~ KimBim

Figure 4.2: Actuator Characteristics of a com-
Figure 4.1: Dynamic Tunable Magnet Actua- bined Hybrid Tunable magnet ac-
tor tuator at x=0

1. Develop a concept that combines a tunable magnet and a drive coil that maximizes the mo-
tor constants to minimize heat dissipation. This research proposes a design that combines
two existing actuator designs into a single magnetic circuit as shown in figure[4.1] The top part
resembles the HRA with two drive coils connected in series providing a variable force with its
flux path shown in blue and PM A to provide a bias flux. The bottom part resembles the HTMA
as designed by [I] with the tunable magnet flux path shown in red and the PM’s B and C in the
center-right and -left, providing a bias flux.

2. Model the actuator with a 1st-order model to prove the functionality and illustrate the ac-
tuator characteristics. Using a lumped parameter model and superposition to find the fluxes
present in the air gaps. The Maxwell stress tensor can be evaluated and simplified to a linear
equation where K;;;y., K¢ represent the motor constants and k, the actuator stiffness:

F = Kgrivelarive + KemBim + kax 4.1)

Figure[4.2]shows the force-current relation of the new design. Ky, represents the slope and
the force-flux relation for the tunable magnet K;,, B;;; can be visualized by the motor charac-
teristic shifting up and down, changing the output force range, while maintaining a low input
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current.

3. Develop more detailed 3D model that can be analyzed with a finite element model to provide
the motor constants, study non-idealities that can affect the operation of the actuator, and
prove the benefit of this actuator compared to a conventional reluctance actuator that has a
similar motor constant.

Using COMSOL Multiphysics for a magnetic Finite Element Analysis on a more detailed de-
sign, the motor constants are found at 12.4N/ A for the drive coil and 12.2N/T for the Tunable
magnet. 4 correction factors are used to account for non-idealities during the magnet tuning.
These are applied to the load line. Most noticeable is the 66% loss in flux between the TM and
the air gaps due to the sub-optimal dimensions of the TM and the influence the permanent
magnets can have on the TM tuning when the mover is not in the middle position.

With these parameters, the heat dissipation in the system is compared to a hypothetical sin-
gle reluctance actuator. Although there is an initial energy penalty of up to 0.3J for tuning the
magnet in the dynamic HTMA, the continuous energy dissipation after tuning is reduced by
~ 98% for a sinusoidal dynamic signal with a steady-state offset of 5N, which is in line with the
initial estimations made before the start of the project as shown in Appendix[C|

4. Develop a simple control algorithm and build a test setup to verify the FEA results and val-
idate the concept. Unfortunately, due to time constraints, it was not possible to build a test
setup to execute an experiment in this thesis project. However, practical designs were made
and some components were fabricated. Appendix [B|shows the plans for this setup for future
students working on this project.

The main contribution to the state-of-the-art in Tunable magnet technology can be summarized by
the following points:

* The Dynamic Hybrid Tunable Magnet Actuator now allows for tracking of high-frequency sig-
nals. This is due to the additional functionality of the drive coil. It shows the benefit of imple-
menting TM technology into existing Actuator applications. Furthermore, the drive coil can
also compensate for inaccuracies or transient states of the TM.

» Heat dissipation is significantly reduced if a signal is offset. This is due to the separation of low
and high-frequency signals reducing the work the drive coil has to deliver.

e The TM increases the maximum force range of a reluctance actuator for the same heat dissi-
pation. This was visualized by shifting the motor constant up and down. Using the TM, the
position or force output at the resting state (I;,;,, = 0A) can be changed as desired.

This would make it very suited for Gravity compensation applications. The high-frequency actuation
can reject floor vibrations and isolate the end effector while not having to provide force counteracting
the gravity of the object itself. If the mass of the end-effector changes, the magnet tuning can be used
to provide a different gravitational force. This is similar to the magnetic gravity compensator of [10] in
figure[D.2] However, in the dynamic HTMA, there are no moving components that require lubrication
or wear out.

4.2. Recommendations

For future work, the following recommendations are made:
* Complete the experimental setup of the dynamic HTMA An experimental setup was designed
which is shown in Appendix B. Completing this setup can verify the FEA results and show any
practical implications. If it works as expected, it can be used as a test bed for a controller design
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(see next point), and to verify the dynamic behavior.

(a) Dynamic HTMA without the mover (b) The CAD design of the Dynamic
in place. Hybrid Tunable Magnet actuator
with support structure and flex-

ures.

Figure 4.3: The intended Experimental setup of the Dynamic HTMA

* Design a controller to separate low and high-frequency actuation In this research, it is shown
that the concept of separating the low- and high-frequency signals can provide a significant
reduction in heat dissipation. However, this is not possible without an algorithm to control
this separation. A control algorithm needs to determine whether the actuator should use the
drive coil or the TM to follow a reference signal. It may be unknown if a disturbance is short,
like external floor vibrations, or can be a quasi-steady state like drift or temperature offsets. a
controller design previously suggested by [7] is shown in figure[4.4]

LPF

B /\ ™
\/ Actuator
! Actuated

HPF System

: A A .| Regular
\Y Actuator

Controller

Figure 4.4: A closed loop controller with a parallel combination of TM actuator and regular’ actuator

[7]

Furthermore, The drive coil can be used to compensate for mover disturbances from tuning
the magnet as there is an inherent overshoot due to the required flux from the tuning coil to
change the magnetization state of the TM.

* Optimize the geometry of all magnets and yokes for a high motor constant The 2D schematic
approach easily shows the flux paths, but the long magnets are not efficient due to their high
reluctance. The geometry of all components can be optimized for motor constant and force
density. Shorter magnets, a 3D design yoke with flux losses in mind, and small air gaps can
prove beneficial for reducing the flux losses.
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A. DESIGN CONSIDERATIONS

A.1. Series versus Parallel

Combined actuators are used in systems where the use of a single actuator would be unsuitable or
inefficient. Combined actuators exist in various forms. A distinction can be made between how the
force is exerted on the end-effector, either parallel or in series as illustrated in figure[A.1]

> >
' Xq : X4 , X2
FaclA — > —>
Mmover €«—>» Macts [ €—> Mmover
Facta Facta
F“‘Bgl @) EONORNONG)
(a) Two actuators (A and B) (b) he actuators A and B are separate
act on the same end ef- in this case and actuator b is part
fector/mover, the forces of the mover of actuator A.

can be combined as a
resultant force.

Figure A.1: Parallel vs Combined actuation

The series arrangement is very common in positioning stages where one actuator has a large position
bandwidth (coarse stage) and the other a small position and force bandwidth (fine stage). A good
example of this is A Hard-Disk drive where a Lorentz actuator controls the large movements in the
reading arm and a piezo at the end of the arm provides position compensation.

The parallel arrangement is much less common. Suppose one of the actuators has a high stiffness
like a piezo actuator. In that case, the Force of the other actuator on the mover is used to stretch the
other actuator, and thus it only efficient when both actuators are providing the same force. For low-
stiffness actuators (most electromagnetic actuators), this is less of an issue. The two separate forces
act on the same 1DOF body and can be added and subtracted to a single resultant force. Although
there could be some undesired redundancy or they can work against each other, it does provide the
opportunity to use 2 separate actuators that operate on different force or frequency levels.

If the Combined TMA and HRA actuator would be split and set up in a series layout. The dynamics
involved are complicated due to the comparable mass and stiffness of both actuators. Any force
provided by one actuator is likely to affect the other actuator’s position too.

For the HDD example, the piezo-actuator is relatively light and has a position bandwidth that is of a
much lower order of magnitude. Therefore movements made by the piezo are much less influential
on the Lorentz actuator.

To keep the system dynamics as simple as possible, it is preferred to use the parallel type layout in
the combined actuator design.

A.2. Actuator Concept Evaluation

This section discusses a range of conceptual layout options that fit the chosen strategy of a Parallel
actuator. Any further mention of a 'concept’ refers to the way the magnets and coils are placed and
connected with yokes to provide flux paths to the mover. The main functionality requirements are:
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* Both the TM and drive coil parts are able to deliver a force independently

* The forces from the TM and drive coil act on the same mover and can therefore be added up

* In the rest state the actuator should be able to deliver ON. Uncarefully placed PM’s can change
this.

The Wishes are

* High motor constants F = Kj;iyeldrive + KimBim + kaX

* Good force-flux Linearity

* Abi-directional force

* Minimal complexity

¢ Compactness
W. Hoekwater set out to design a combined actuator too before he shifted his attention to designing
the hybrid tunable magnet actuator. His suggested designs are shown in figure Each design is
marked with a X, O, or checkmark to state if it fulfills the requirement as mentioned above. X means,
not at all, O means with little adjustment and a checkmark means it is okay with the requirements.
The Double RA Double C-TMA and Double RA Double E-TMA are very similar and are therefore
considered as the same concept.
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Figure A.2: Conceptual designs proposed by W. Hoekwater [1]

The parallel HRA & HTMA as designed by E. Ronaes [2], also fits the requirements. Finally, the novel
design that integrates the HRA and HTMA design into a single magnetic circuit is considered. The
collection of actuator concepts that are evaluated are shown in figure[A.3]
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Figure A.3: Conceptual designs that are evaluated in more detail

For these 5 concepts, the K., Kt and k, are evaluated in 3 steps.
1. Analytical derivation to show the basic force flux relation
2. MEC analysis in Matlab (flux losses are modeled at 30%)
3. 2D Comsol FEA (2D FEA overestimates the motor constants in line with the 30% flux losses
found in the MEC analysis, later 3D FEA analysis shows that the flux losses are actually ~ 66%
for the Dynamic HTMA.

Parallel C-shape

This is the most simple form which was proposed by [7] as a combined actuator. The parallel C-
shapes can operate independantly but have a non-linear behaviour as can be seen in the plots below.
The motor constant over the given range is low. This is also the only actuator that can only deliver
force in a single direction as the reluctant forces always attract. The 2D FEA confirms the non-linear
force flux relations and the motor constants are comparable. The actuator can be described by:

_ Pim _$%
HoAg  HoAg

F

= K (X, Brm) B2, + Kgripe ()12 (A.1)

Motor Constant PRTC = 2.831 N/A (linearized) Bias constant PRTC = 17.8338 NIT

7 Mover
v 1.
s N
5 K
0 1 2 3 4 5 6 0o 01 02 03 04 05 06 07 08 09 1

Current [A] B, [T

Bias Force [N]

(a) Drive coil motor constant (b) Tunabl magnet motor con- (c) C-shape concept
stant

Figure A.4: Motor Characteristics of the C shape concept

Double CE-shape

This design mirrors the C-shape actuator on the other side of the mover. making it possible to create
a linearized force but only over a small portion of the travel. In this concept it is possible to add per-
manent magnets because in the rest state, they cancel out each other and thus produce no net force
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as is desired. The 2D FEA confirms the force flux relations and the motor constants are comparable.
Note that the output this actuator is now dependent on the difference between the upper and lower
half. Therefore, this actuator can be described by:

F = Kim(X, Bim, Bpm) ABm+

(A.2)
Karive(X, Bim, Bpm)AI

Motor Constant double CE = 2.2243 N/A Motor Constant Double CE = 30.452 N/T

Force [N]

Force [N] postive means (R>L)

B -4 2 0 2 4 6 : -1 08 06 -04 02 0 0.2 04 06 08 1
di Al dB [T

(a) Drive coil motor constant (b) Tunabl magnet motor constant

i IE HH

(c) C-shape concept

Figure A.5: Motor Characteristics of the double-CE shape concept

Uneven Bias Actuator

In this design the top half can be seen as the standard HRA and the top half of the double C-shape.
The fluxes from the TM components are again related to the difference between left and right TM.
The motor constant for the drive coil is linear as expected. However the TM force flux relation shows
strange behaviour. This is because when the mover is not centered and the Magnetic fields of the
TM'’s are not equal, the flux can shortcut the mover through the top loop. The motor constant of the
drive coil also gets affected by the TM tuning state as the TM flux also acts as a bias flux. This actuator
can be described by:

F =Ky (X, Bim) ABm + Kgrive(X, Byn)l (A.3)
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Motor Constant UBA = 11.5326 N/A Bias constant UBA = 13.9726 N/T (maximum for x=0)

Force [N]
°
Bias Force [N]

nwnJ

ERRL
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'1505 4 2 0 2 4 6 -504 08 06 04 02 0 02 04 06 08 1 | [
Current [A] ABY‘M Left vs Right (positive means R>L) [T] ’— I
(a) Drive coil motor constant (b) Tunabl magnet motor constant (c) Uneven Bias Actu-

ator concept

Figure A.6: Motor Characteristics of the Uneven Bias actuator concept

Parallel HTMA & HRA
This design was proposed and validated by [2]. Both actuators have a linear force-flux relation and
can be described by:
F = K (X, Btm) Bpm)Bim+
Kdrive(x)Btmerm)Ic"' (A.4)
ka(x, Btm, Bpm) X

Motor Constant PRT =6.5102 N/A Bias constant PRT = 67.6698 NIT

50
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o
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(c) Parallel HTMA & HRA concept

Figure A.7: Motor Characteristics of the Parallel HTMA & HRA concept
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Dynamic HTMA This is the novel design presented in this research, it resembles the Parallel HTMA
& HRA concept, but integrates the two circuits. This allows the bias flux from the HTMA to also work
for the drive coil resulting in an increased K;;y.. The 2D FEA confirms the linear force flux relations
and the motor constants are indeed increased over the Parallel version. This actuator can also be
described as:

F = Kim (X, Bim, Bpm)Bim +
Karive(X, Bim, Bpm)Ic+ (A.5)
ka(x, Btm, Bpm)x

Motor Constant ICA = 17.8547 N/A Bias constant PRT = 67.6698 N/T
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x=0mm

— — — klinear
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(c) Dynamic Hybrid Tunable
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Figure A.8: Motor Characteristics of the Dynamic HTMA concept

Conclusion
The results are summarized quantitatively summarized in table[?? 3 main conclusions are drawn:
* The Parallel C-shape actuator is simple but limited in capability and efficiency.
* The opposing TM’s for the Uneven Bias actuator are complex and also inefficient due to a large
part of the flux short-cutting the mover.
¢ Integration of the HTMA and HRA circuits almost doubles the drive coil motor constant over
the parallel version.
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Due to the reasons above, the choice was made to continue with the Dynamic HTMA concept.

Bias motor

Coil motor

Linearity

Linearity

Force

constant constant bias coil direction Complexity
Parallel C-shape low low non-linear non-linear single Simple
Double CE-shape low low non-linear non-linear bi-directional Complex
Uneven Bias Actuator | low mid non-linear linear bi-directional Complex
Parallel HTMA & HRA | high mid linear linear bi-directional medium
Dynamic HTMA high high linear linear bi-directional medium
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A.3. Actuator Characterization in 3D FEA

The force-current relation of the drive coil, the force-flux relation of the TM, and the actuator stiff-
ness are shown in figure[2? Both are plotted for a range of mover positions in the range —0.2mm <
Xmover < 0.2mm. Note that the FEA results show some non-linearity especially at higher fluxes and
the outer position ranges. Because this is a proof of concept, very high accuracy is not required.
Therefore for simplicity it is chosen to reduce the motor constants to a linear fit. Table[A.I|shows the
values of the motor constants and the RMS errors due to the linearization. The maximum combined

force output at I3,y =3A, Bty = 1T and Xppper = 0.2mm is 48.6 N
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Table A.1: Actuator characteristics found by COMSOL 3D FEA

Symbol Value Linearization RMSE Comment
Karive 12.4N/A 0.51N Motor constant
Kim 122N/T 0.19N Motor constant
K —59.4kN/m 0.74N Actuator stiffness
Xmax +0.2mm movement range
Frmax,x=0 +48.6 N Combined Force range
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B. EXPERIMENTAL SETUP

Unfortunately, due to time constraints, it was not possible to build a test setup and to execute an
experiment in this thesis project. However, practical designs were made and some components were
fabricated.

B.1. Experiment plans

The goal of the experiment was to validate the design and to show any shortcomings that may not
have been discovered during modeling and simulations. Especially the dynamics are an interesting
part that require significant tuning of the controllers.
The following general steps were planned:
* Experiment setup and familiarization
The concept of separating the low- and high-frequency force components could have been
tested with the parallel HRA & HTMA actuator setup that was built by E. Ronaes. The con-
trollers for his setup and the new actuator would be identical and only require tweaking of
parameters because of the different motor constants. It is therefore a perfect first step to get
familiar with the electronic and software aspect of the experiment. Data acquisition can be
adjusted and analyzed to provide the desired outputs. Figure[B.1]shows the setup. The perfor-
mance comparison that is done in the analysis section of chapter [ can be repeated to show
the benefit of this concept.

HRA

HTMA

(@) A picture of the parallel HRA & (b) The CAD design of the parallel HRA
HTMA actuator setup. & HTMA actuator setup.

Figure B.1: Experimental Setup of E. Roneas [2]

* Build new setup
The design was made to be compatible with the setup of Ronaes [2]. It should be possible to
re-use the base plate, flexures, and electronic setup.

¢ Characterize new setup
To accurately control the actuator, the characteristics must be identified. This step also veri-
fies results from the simulation. Most important are the motor constants, (negative) stiffness,
and losses. Finally, the hall and force sensors must be calibrated. The new values must be
implemented in the Labview FPGA code.

* Repeat experiment with new setup
After correctly setting up the actuator mechanically and control wise. The performance com-
parison can be done again. The experience gained from practicing on the old setup should
make this step much easier. It is expected to see a similar reduction in heat reduction between
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the combined actuation and the a single HRA. The goal would be to recreate a similar plot as
the one below with experimental data:

Dynam»cHTM:

1.8 'Fy = 10N — — — - Single HRA

16 . 1
5 14 _ Fo =5N ]
c
212
[}
a
2 1
o
08
2 Fy = 2.5N
Wos

0.4
Etune T l

02r, i

Fy=0N
0 == : - -
0 0.5 1 1.5 2 25 3 35 4 4.5 5
Time [s]

Figure B.2: The energy dissipation over time of both actuators following the reference signal with
Fy=0,2.5,5and 10N from FEA simulation.

B.2. CAD model

Because the goal is to validate the design and to show any shortcomings that may not have been
discovered during modeling and simulations, the requirement for the setup is that it is repeatable.
The accuracy of the actuator is mostly a control aspect and not the most important in this phase.
The Design approach was to use as many existing components as possible, The AINiCo 5 Magnet
and its tuning coil and all of the supporting electronics can be carried over. he Yokes, Permanent
magnets, drive coil, hall sensors and the support structure around it are specific for this design. The
yokes are designed to fit into a 3D-printed casing that has bolts on one side to push all components
to one side. By applying this force, the friction should hold all other components in place.

(a) Dynamic HTMA without the mover (b) The CAD design of the Dynamic
in place. Hybrid Tunable Magnet actuator
with support structure and flex-

ures.

Figure B.3: The intended Experimental setup of the Dynamic HTMA
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B.3. Yokes

Eddy currents in iron yokes can have a significant effect on the accuracy of an actuator. The tuning of
the magnet becomes rate dependent and unpredictable. It is widely known that using laminated thin
sheets that are electrically isolated can greatly reduce these effects. Wiersema studied this effect for
Magnetization state tuning and concluded thatlaminating the yokes significantly decreased dynamic
effects during tuning. This helps the repeatability and accuracy of the controller [6]. It was therefore
chosen to laminate the yokes with 0.35mm thick M235-35A Magnetic steel sheets. This material is
specially designed for low-voltage, high-frequency transformers to reduce losses in the material. To
reduce production costs, the yokes are designed in such a way that there only 2 different geometries
that can be oriented in such a way that it completes the flux paths. Four L-shaped corner pieces and
one simple straight part that is the mover as well as the part where the drive coil is wrapped around.

Figure B.4: The two different yokes, laminated from 0.35mm thick sheets of M235-35A Magnetic Steel
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C. POTENTIAL EFFICIENCY GAINS

The contents of this appendix where made prior to the research to show the potential benefit of the
chosen strategy to split the low and high-frequency outputs of an actuator.

To provide a first indication of how much a combined actuator can improve the efficiency of a con-
ventional HRA, simple first-order calculations are done on an example actuator.

The example used is the Deformable mirror Hybrid Reluctance Actuator as developed by TNO
and shown in figure[C.1}

Table C.1: example actuator

Example Actuator [3]

Symbol value Comment
k 52 [N/A] Motor constant
Qgct 38 [N/vW] Actuator efficiency
R 2.4 [Q] Coil resistance
Figure C.1: A strip of 3 prototype actuators as de- Frange +8 [N Force bandwidth

veloped by TNO

The relation between heat dissipation and Force of this actuator, can be calculated using the motor
constant as described in [12], and Joule’s law. Combining these equations we can the heat dissipa-
tion - Force relation equation Where a,; is the actuator efficiency which contains the physical
parameters of the actuator design from equation|C.1

F B, A
k===An——1"_ (C.1)
1 lgl + lgz
P=1I°R (C.2)
F2
P=— (C.3)
a

act

Although the Force current relation is linear, the heat dissipation rises exponentially with force input.
Therefore, for heat dissipation, it is desirable to have the actuator act as close to its equilibrium as
possible. When evaluated for 0-10 N, the actuator characteristics are visualized in figure
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Figure C.2: (a)Force-Current relation of the example actuator [8] (b) The Heat dissipation versus
Force of the example Actuator based on equation|C.3|

As a use case, consider a time-based reference signal where A is the amplitude, f the frequency, and
Fpias the constant bias component. It is plotted over a 5-second time interval in figure with 2
levels of Fp;45, 0 and 5 N. An amplitude of 1N and frequency of 3Hz are used.

Fref = Asin@uf ) + Fpias (C.4)
10 0.0 Heat dissipation
Fo=ON Foims = ON
81 Fo=5N|| P o |  Flae= N
60 \ \ \ \ A ] oot ‘ﬂ | (\ N
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ARVAVAVAVA VALVARVARVAvalvaRvERY Sy H\"”"\I\H“””\H‘\"”"I\
S AN AN AN N AR AN AN WA AR
=) | AR Ananin
z = VLYV
goost U Y YA
£ s UV VV VUV YV Uy
@ 4
4l T 001
B
0.005
8l
-10 . : : . . : . : : 0 v v v ; i v : :
0 0.5 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 25 3 35 4 4.5 5
time [s] Time
(a) (b)

Figure C.3: (a)Force Reference signal plotted over time (b) The heat dissipation of the example actu-
ator for the reference signal

Although the increase in bias force looks benign, the actuator now operates constantly between 4
and 6 N dissipating roughly 43 times more heat (RMS).

Suppose the reference signal is split into a dynamic part that is taken care of by the coils of a reluc-
tance actuator and a constant part that is provided by the tunable magnet. In a series configuration

shown in figure[A.1f, the fluxes created by both parts can be added to resemble the reference signal.

Feoi1 = Asin2nft) (C.5)

Fryv = Fpias (C.6)
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Fcompb = Feoil + Frm (C.7)

The magnet tuning only requires a short pulse of current to achieve it’s desired tuning state. If the

Force bias is constant for t > BTI, the tuning energy is negligible and the continuous heat dissipation
of the actuator is reduced by 97% for this specific case.

When the force bias changes, the magnet has to be tuned, if this tuning interval is shorter than a
pre-specified BTI, the combined actuator is likely to be less efficient.

For this actuator and the case where t > BTI, the efficiency gain versus the force bias as a fraction of
the original amplitude is shown in figure When the Force bias is equal to the Amplitude of the
dynamic force, the heat dissipation could be reduced by 70% by using the combined actuator.

100 Heat dissipation reduction vs Force bias ratio for t>>BTI

90 |

70 F |
60 - |
50 |

40 r

20 t N\

10 N

Heat dissipation of a CA w.r.t. a single HRA [%]

0 1 2 3 4 5 6 7 8 9 10
Constant force bias - Amplitude ratio

Figure C.4: The heat dissipation
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D. EXTENDED LITERATURE REVIEW

D.1. Bias Force Actuators

As identified in the research gap, a bias force component with low energy input is desired to increase
the overall efficiency of an actuator. One application where a constant bias force is desired is gravity
compensation. These gravity compensators are usually applied in vibration isolation systems where
the end effector, for example, a high-precision metrology instrument, must be isolated from external
disturbances. Instead of rigid connections to a base, a low-stiffness connection is made to reduce
the transmissibility from the environment to the end-effector. This however poses the problem that
the mass of the end-effector (often significant) still has to be supported. The gravitational forces are
therefore counteracted by a low stiffness actuator, hence the name ’gravity compensator’. The grav-
itational force of an object is static and could be seen as the constant bias force that is mentioned in
section 2. One example of this is proposed in the work of Hol [9]. This actuator provides a static force
of 85N with permanent magnets and a voice-coil type actuator can add a dynamic force of +20N. The
layout is shown in figure The bias force component is static, this limits the applicability of this
actuator.

__— Outer stator magnet ring —___

Inner stator magnet ring

S .
Centre line

kS
‘NN

%,
,

i S
4 N T y,
T Innermover magnet ring o
= Quter mover magnet ring

Figure D.1: A voice-coil type actuator with added permanent magnets to provide a static force. [9]

A patent by Ji [10] provides a solution to this limitation. The design presented in figure is very
similar to the design of Hol with an inner magnet ring and a Lorentz actuator. However, in this design,
the inner magnets can be brought closer to the mover. This way, the static force component is made
adjustable. This device is in principle similar to the proposed combination of HRA and TMA but there
are drawbacks to this design. The Lorentz-Force actuators are known to have lower Force densities
which makes them less efficient and the moving parts associated with the adjustment mechanism
are prone to wear and require maintenance. This is undesirable in space or vacuum environments.
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Figure D.2: A magnetic gravity compensator with an adjustment mechanism to vary the static force
component
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A very different technology called 'Plrest), is focused on Hysteresis behavior in Piezo-electric actua-
tors. Although the physical mechanisms are different, Reiser et al resemble the Magnetization state
tuning process[11]. They describe how a Piezo can maintain its last position without an offset volt-
age. The mechanism is based on ferroelectric domain orientations of soft PZT ceramics. The Me-
chanical strain is increased when a voltage is applied. After the voltage is removed, the strain reduces
to a remanent strain. This remanent strain can be tuned much like the remanent flux density of a
permanent magnet. (Figure[D.3p)

Combining this with a normal Piezo-electric actuator can create a similar dynamic and static force
component split. In this case, the actuator is combined in a series arrangement. A parallel arrange-
ment would lead to over-constraints due to the high stiffness of the actuators. (Figure )

position / pm voltage / V

PI REST shim 7T —‘
o

adjustment range: 4.6pm i
¥

piezoelectric part
35
PICMA-actuator

creeping process
adjustment range: 5pm

resolution: <50pm

ferroelectric part

0 * 1:)0 time / sec
(a) (b)

Figure D.3: (a)A CAD design of the Combined (series) Actuator (b) The Heat dissipation versus Force
of the example Actuator based on equation [11]

D.2. Combined actuator designs by Hoekwater [1]

Hoekwater started his thesis with a similar goal to design a combined HRA and TMA actuator. Dur-
ing his thesis, his focus shifted towards designing for a linear force-flux relation, but there are still
relevant results that are summarized in this section.

D.2.1. Recoil line actuator

Instead of combining 2 actuators a variation of the TMA could be used to achieve high-frequency
actuation. Due to the linearization of the recoil lines, it is possible to shift the operation point of the
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magnet over the recoil lines. As a result, the higher frequencies could be achieved by shifting back and
forth over the recoil lines while keeping the same remnant magnetization state. Demagnetization
only occurs when the load line reaches the major loop hysteresis curve. Therefore the maximum
Force amplitude of a dynamic signal to be followed is limited. This is visualized in figure[D.4]

__ky Agln
51""9__“%—1(2,1,,,19) \

Operating ': =
Point

Major BH
Curve

Figure D.4: If the operating point remains within the given boundaries, the magnetization state of the
magnet does not change.

To answer the question, if a recoil line actuator is more efficient than adding a separate RA to a TMA,
The following relation could be used to estimate the relation between Magnetic flux density AB and
the coil current Al where K is the slope of the load line, n the number of coil windings, /,,, the magnet
length and . the slope of the recoil line.

k
AB = HOHee ™ Tt o Kt reconl D.1)
k+prectio lm
_ HoN
8B =E2AI=Kpiratl (D.2)
g

Comparing Kp; recoir and Ky ra will show the relation between AB and AT of each setup in figure
This is for a C-shaped actuator with a 10x10mm magnet cross-section area and for small changes
on the same recoil line only. On average, adding a separate RA will be 6x more efficient than using a
recoil line actuator, only considering ohmic losses.
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Figure D.5: Ratio between current and flux for both actuators for different air gap lengths to show the
energy gain that can be obtained by using a RA [I]
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D.2.2. Combinations of HRA and TMA

Hoekwater’s method to find an optimal combination of HRA and TMA was to first find the most op-
timal HRA and the most optimal TMA configurations on their own and then combine these.

For the Tunable magnet actuator, 6 different layouts were considered. These layouts are shown in
figure For each layout, a lumped parameter model is analyzed and FEA is used to calculate the
loss factor. Based on these results, the E-shape layout proved to be the most promising configuration
as it has the highest force/energy values and the lowest stiffness.

C-shape 2 magnets C-shape E-shape

e 2T
| T v(

F
O-shape b —
Mowe

......

anlI==

Figure D.6: Overview of the different TMA configurations considered in this project. The TMs are
denoted in red, and the iron cores in white. The main flux paths are visualized by dashed
red lines. [1]

For the Reluctance Actuators, 7 different layouts were considered. These layouts are shown in figure
The generation of a bias flux improves the efficiency and a linear force-flux relation is desired.
It's most efficient if this bias flux is provided by a PM. Based on this quantitative analysis, the HRA
type is the most promising one to use in combination with a TMA.

Figure D.7: Overview of the found RA configurations [1]

To combine these optimal HRA and TMA designs, non-magnetic material is used to combine the
multiple mover elements into a single mover. The result is the so-called 'Hammer’ setup as shown in
figure This actuator is symmetric (therefore no moments are generated) and it can deliver force
in both directions. Depending on the direction of the force needed for the static forces, the top or
bottom E-shape TMA should be used.
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Figure D.8: A possible combination of the optimal HRA and TMA actuators [I]

D.2.3. Combined Actuator Control

Although the focus of Hoekwater was on the design, he did propose some methods of controlling
the combined actuator. Figure shows a top level controller. With the use of filters, the reference
signal can be split up into 2 signals, one bias signal, and one dynamic force signal.

Conlroller

low frasquency force TMA
reference force B
—*

acluating force
e

overall controller syslem

high frequency force Controller
HRA
Figure D.9: [1]

D.3. Combined actuator design by Ronaes [2]

To remedy the inherent overshoot of the TMA that is mentioned in section ?2, Ronaes designed a par-
allel HRA and HTMA actuator that is shown in figure [2]. The idea is to attenuate the overshoot
actively with a higher-bandwidth actuator (in this case an HRA). The HTMA design is based on that
of Hoekwater and the HRA is designed to have a similar displacement range as the HTMA and their
movers are rigidly connected to each other with non-ferromagnetic material to make a parallel type
actuator. This design combines gives a lot of room for circuit optimization to achieve higher motor
constants. This design should therefore be considered a good option to achieve combined actuation.
It is however relatively large and has many components.
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Figure D.10: Render of setup for a parallel configuration of the HTMA and an HRA of similar propor-
tions.
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