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Abstract—To utilize the high force of reluctance actuators
for high-precision fast scanning motion, this paper presents a
nanopositioner that integrates two reluctance actuators for a
bidirectional force and investigates its achievable performance.
A challenge of reluctance actuators is their force-current nonlin-
earity. To model it accurately for compensation, a displacement
sensor for real-time motion control is utilized to measure the force
curves. A model based on the experiments is used to compensate
for the nonlinearity by means of feedback linearization. It
successfully decreases a total harmonic distortion of sinusoidal
scanning trajectories from 25 % to 2.6 %, which is further
improved to 1.45 % by linear position feedback control. The
achieved bandwidth and the positioning resolution are 335Hz
and 2nm. Additionally, feedforward control is designed, and
sinusoidal scanning motions at 1Hz and 100 Hz are evaluated
for a feasibility study to find out challenges and potentials of
reluctance actuators.

Index Terms—high-precision actuators, nanopositioning, reluc-
tance actuator, feedback linearization

I. INTRODUCTION
High-precision, high-frequency scanning motion is
important for high performance systems, such as optical
scanners [1], nanopositioners for atomic force microscopes [2]
and wafer scanners [3]. In such systems, Lorentz actuators are
a most commonly used short-stroke electromagnetic actuator.

Lorentz actuators utilize the Lorentz force, which shows
high linearity between the coil current and the resulting force
that is almost independent of the mover position [4]. This
is beneficial for control design to generate highly precise
motion [S]. However, they have a low motor constant, which
is the force-to-current ratio. As a result, a large current is
necessary for a high force to accelerate the mover, heating up
the coil. Thus, the energy is wasted and a cooling system is
often necessary [4].
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One of the promising actuators for scanning motion is
reluctance actuators because they exhibit higher force density
(force per mass) and generate lower heat than Lorentz
actuators [4], [6]. For these advantages, reluctance actuators
are widely used for magnetic bearings that suspend a mover
(e.g. a rotor or shaft) in the air [7]-[9], where disturbance
rejection performance is important to position the mover
at a static point [10], rather than the reference tracking
performance for scanning motion. A concern of reluctance
actuators is nonlinearities, such as eddy currents, magnetic
hysteresis, and the nonlinear relation between the coil current
and the force that depends on the mover position [3].

For high-precision scanning motion, reluctance actuators’
nonlinearities have to be compensated. Nonlinearities such
as eddy currents and magnetic hysteresis can be reduced
to some extent by manufacturing the stator and the mover
from laminated layers of a soft ferromagnetic material [11].
To compensate for the force-current nonlinearity, it is often
investigated by force sensors [12], [13]. However, there are
a few concerns. For example, mounting a force sensor is
simply difficult when the actuator is compact (cf. [14]).
Installing a force sensor may create a crosstalk such as a
torque, depending on the mounting location and the assembly
precision. Furthermore, some force sensors themselves can
have inherent nonlinearities [15], [16], which are inappropriate
to accurately evaluate the actuator nonlinearity. Therefore, it
is desired to evaluate the force-current nonlinearity by using
the internal displacement sensor for real-time control.

This paper proposes a nanopositioner based on reluctance
actuators and investigates their capability to realize a high-
frequency scanning motion with nanometer resolution. The
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(a) Photograph of the nanopositioner.

(b) Illustration of the reluctance actuator
without frames and flexures.

(c) Magnetic circuit of the actuator.

Fig. 1: Proposed double variable reluctance actuator (dimensions in mm).

nanopositioner uses a capacitive displacement sensor for feed-
back control and a pair of reluctance actuators for high-
frequency bidirectional scanning motion (i.e. double variable
reluctance actuator). The force-current nonlinearity of the
reluctance actuators is investigated by using the capacitive dis-
placement sensor without a force sensor. The results are used
to derive a nonlinear model for compensation with feedback
linearization. For the linearized system, linear feedback and
feedforward control are designed. Experiments are carried out
to demonstrate scanning motions with nanometer resolution
and to identify potential challenges.

II. SYSTEM DESCRIPTION

Fig. 1(a) shows a photograph of the proposed nanoposi-
tioner. It consists of an E-shaped stator, a mover and two
identical coils. To reduce eddy current losses the stator and
mover are manufactured from ferromagnetic laminated steel
sheets. The mover is laterally guided with a designed range of
2mm by 3D printed frames that include flexures. The mover
position is measured by a capacitive displacement sensor
(6810, Microsense, Hamm, Germany), which has a nominal
resolution and linearity of 1nm and 0.25%, respectively.
The coils are individually driven by current amplifiers to
provide a maximum current of 2A. The bandwidth of the
amplifiers is 6.5 kHz. Control algorithms are implemented by a
rapid control prototyping system (DS1005, dSpace, Paderborn,
Germany) with a sampling frequency of 20kHz which is
connected to the current amplifiers with 16-Bit DACs.

III. ACTUATOR MODEL

Fig. 1(c) illustrates the magnetic circuit of the nanoposi-
tioner. The reluctances of the air gaps are modelled as R,
Rg2 and Rg43. The magnetomotive forces Fc and Fgo are
generated by the two coils, and the magnetic fluxes through
the three air gaps are denoted by ®;, ®5 and ®3, respectively.
Due to the high permeability of the ferromagnetic parts, their
reluctance is sufficiently smaller than that of the air gaps and
is thus neglected. The reluctances of the air gaps are

gt g—x g3
Rg = Ry = Rgzs = — 1
gl /.L()A » Vg2 ,qu » Vg3 ,Lt()A’ ( )
where ¢ = 1mm is the variable air gaps for a maximum

motion of £ 1 mm when the mover is in its center position, g3

is the fixed air gap of 0.5mm, z is the position of the mover
(Fig. 1(b)), and po and A are the permeability of vacuum
and the cross-sectional area of the actuator, respectively.
By applying Hopkinson’s law [17], and the superposition
principle of linear circuits with the number of coil turns N
and the coil currents /; and I5, the fluxes through the variable
air gaps ®; and ®, are calculated.

The forces acting on both sides of the mover (Fy, F») along
the actuation axis can be derived by applying Maxwell’s stress
tensor [18] and are given by
_ Y o %

2/1,014 2 2 ,LL()A '
The total reluctance force F'r acting on the mover is obtained
from those forces and simplified as follows

ApoN*(I§ — I3)
29(g + 293)
when the mover is in its center position x = 0. Notice

the nonlinearity due to the squared currents and ¢ in the
denominator.

F (@)

Fr=F-F = 3

IV. FEEDBACK LINEARIZATION

To handle the force-current relationship, feedback
linearization [7] and gain scheduling [19] are often employed.
In gain scheduling, the nonlinearity is linearized at different
operating points and different controllers are designed for
each operating point. A disadvantage is that the range must
be split into fine intervals to achieve high-resolution results,
resulting in large lookup tables of the controller gains [20]. In
feedback linearization a nonlinear plant is linearized by using
an inverted nonlinear model in series in front of the plant for
compensation [13]. Feedback linearization can significantly
increase the linearity over an extended range [10], which is
necessary for high-precision scanning motion. Thus feedback
linearization is implemented in this paper.

The block diagram for the nanopositioner is shown in Fig. 2.
To position the mover, the coils are switched instead of pro-
viding a constant bias current to increase the energy efficiency.
First, to linearize the actuator, the force-current nonlinearity
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Fig. 2: Control block diagram of the nanopositioner.

is compensated by feedback linearization, which is denoted
by the "Comp.” block. Then linear motion control is applied
for precision motion. To improve the scanning performance,
an additional inversion based feedforward control (Cyy) is
implemented for the experiments.

A. Force Profile Measurement

As a feasibility study of a nanopositioner based on
reluctance actuators, a model of their force-current
nonlinearity is experimentally created under an assumption
that the mover motion is sufficiently small around the origin
2 = 0. This is because the analytical model (Eq. (3)) does not
account for fringing and leakage flux as well as assembly and
manufacturing tolerances that degrade the model accuracy,
which is problematic for feedback linearization.

The forces F and F;, on both sides of the mover are given
as functions of the respective coil currents I; and I, as follows

Fy = fi(lh), Fo = fa(I2). “4)

As the first step, the motor constant curve of Coil 1 is
measured. For this purpose, DC currents Ipc; and Ipco
are applied to Coil 1 and Coil 2, respectively, such that the
mover stays around the equilibrium point at x = 0. Then, an
additional sine current is superimposed to Coil 1 at a frequency
sufficiently higher than the natural frequency of the flexure-
suspended mover, where its mass m = 1kg dominates the
dynamics as follows

Fr(s)=Fy— Fy =m- s Ax(s), 5)

with the Laplace variable s and the deviation of the mover
from its center position Ax. By applying a first-order Taylor
expansion around the mover position * = 0 and the DC
current levels Ipcg the reluctance force Fr is approximated
considering that at x = 0 the forces on both sides of the mover
are balanced fi(Ipci1) = f2(Ipc2), as follows

0
FRQ’fQ(IDCQ)_(fl(IDCl)‘F&—f; . Al yc)
=IipcCc1 6
_Oh N (6)
OI li=ipey A

with Alsc being the distance of the measured current of
Coil 1 to the operating points Ipcy that occurs due to the
superposition of the sinusoidal current to Coil 1. The motor

constant K, is regarded as the change in the force due to a

change in the current, thus it is given by

% . @)
I=Ipca

Eq. (5)-(7) imply that the motor constant at a DC current can

be calculated by measuring the amplitude of the sinusoidal

current and the resulting mover oscillation.
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Fig. 3: Reconstructed motor constant (a),(b) and force curve
(¢),(d) for both coils.

B. Model-based Linearization

To measure the motor constant-current curve, a current with
a frequency of 100 Hz and a small peak-to-peak amplitude of
40mA,, is applied to the system and the DC current levels
(IUpc1, Ipcz2) are varied over a range from OA to 1.5A
to keep the mover in its center position, while evaluating
different current levels. The data points are measured from
OA to around 1.5 A and then in the same manner for Coil 2
to prevent an error due to hysteresis. The measurements can
be seen in Fig. 3(a) for Coil 1 and 3(b) for Coil 2. Due
to the small amplitudes of the current and position signal,
which are caused by superimposing the sine wave to the DC
current, there is a small offset in both curves. To the measured
data points, linear equations are fitted and integrated over the
current range to obtain the force-current curve, as shown in
Fig. 3(c)-(d). Due to manufacturing tolerances and assembly
precision those curves are not symmetric, limiting the effective
force and movement range. To linearize this relationship, the
obtained force-current curves for both coils are inverted, to
calculate the desired current I to reach the desired reluctance
force F', as follows

7= ~140.3-1073y/1.1-10" —6.7-107- F, F <0
Tl -2.34£0.8-1073/7.98-106 +4.9-106- F, F > 0.
(®
The switching between the coils happens when the desired
force reaches zero. This calculation is implemented on the
rapid control prototyping system.
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C. Validation

To evaluate the nonlinearity without compensation, a sine
current reference is applied to the system with a frequency
of 1Hz and an amplitude of 0.5 A. The mover position and
current reference are recorded by the rapid control prototyping
system, as shown in Fig. 4(a). There are distortions in the
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Fig. 4: Recorded position signal without (a) and with lineariza-
tion (b) for a reference signal with a freqency of 1 Hz.

measured position signal. To evaluate the nonlinearity, the
total harmonic distortion (THD) of the position signal is
calculated. It represents the harmonic components of a signal
compared to its fundamental frequency [21]. The THD of
the position sine wave is calculated with the fundamental
frequency and the first five harmonics, which are the dominant
harmonics in the signal. The THD of the measured sensor
signal is 25 %.

When the feedback linearization is used, a sine reference
force with a frequency of 1Hz and an amplitude of 0.5N
is applied, and the mover position and force reference are
recorded, as shown in Fig. 4(b). The position signal shows
a smooth sine wave without major distortions. The THD is
successfully reduced from 25% to 2.56 % by applying the
feedback linearization.

D. Frequency Response

A frequency response of the linearized plant is measured
by a network analyzer (3562A, HP, Palo Alto, USA) from
the force reference to the mover position by applying a sine
sweep from 1 Hz to 5kHz with an amplitude of 50 mV,,. The
frequency response in Fig. 5 is evaluated at different mover
positions in a range of 50 um, by applying an offset to the
applied reference signal. The magnitude line in Fig. 5 shows
a variation up to 30 % between different mover positions. This
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o0 _ —x=30pum
L \ ‘ X =40pm
=180 Lol L % 1
] ' x—-10um
= L
A
10° 10° 102 103 104

Frequency [Hz]

Fig. 5: Bode plot of the linearized plant from the reference
force to the output position at different mover positions.

is due to residual nonlinearity in the system, such as magnetic
hysteresis.

V. MOTION CONTROL

To reject disturbances for precision motion, a feedback
controller is designed for the linearized actuator (Fig. 2). To
suppress the bandwidth-limiting resonance at 480.6 Hz (see
Fig. 5) that is insensitive to the mover position, a notch filter
Fnoten 1s designed as follows

82 +01 cWN,1 dn .
2401 -wny-s +w]2\,yl

2
3+WN,1

F N ot(:h(s ) (9)
with the notch frequency wy,;1 = 27 480.6 %i and the
depth of the notch d,, = 0.07, which is calculated from the
height of the resonance peak [22]. This notch filter is placed in
series with a tamed PID controller Cp;p [3] to provide with
sufficient phase lead around the desired open-loop crossover
frequency we and eliminate the steady-state error. It is given
by
ki ]Cd - S

ky, + — .

p+ p + Tt =

Wi

Cpip(s) = (10)

The controller gains are tuned to

Ky, = 2.56, k; = 358.87, kg = 28.42,w; = 4.68 - 10°, (11)

to maximize we with sufficient stability margin. The achieved
gain margin is over 9dB, and the achieved phase margin
is over 47° for all evaluated mover positions in a range of
60 pm. The maximised we is 180 Hz.

Fig. 6 shows the measured complementary sensitivity func-
tion for different mover positions in a range of 60 um for
validation. The achieved closed-loop bandwidth is 335 Hz.

VI. EXPERIMENTS AND RESULTS

A. Evaluation of the Closed-Loop Linearity

The linearity with the feedback control is evaluated. A
reference position signal with a frequency of 1Hz and an
amplitude of 10 um is applied, and the mover position and
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Fig. 6: Measured complementary sensitivity function at differ-
ent mover positions.

reference are recorded and shown in Fig. 7. By applying
feedback control, the THD is further reduced to 1.45 %.
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Fig. 7: Reference position signal with an amplitude of 10 um
and a frequency of 1 Hz and recorded position signal.

B. Positioning Resolution and Step Response
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Fig. 8: Measured step with a height of 5 nm, symmetric around
the position z = 0 um.

The positioning resolution of the nanopositioner is evaluated
at static points when the feedback control is activated. Fig. 8
clearly shows that the positioning resolution is 7nm and
2nm when it is evaluated by a peak-to-peak and RMS value,
respectively. Consequently 5nm steps are clearly resolved in
Fig. 8. Note that the quantization noise is 1.5nm due to
the ADC resolution. Overall, this experiment demonstrates
the capability of reluctance actuators for nanometer-resolution
positioning.

C. Scanning Motion

To evaluate scanning motion, a plant model P(s) is created
based on the frequency response in Fig. 5, then inverted as a
feedforward controller C'yf(s) in Fig. 2 and combined with
a second order low-pass filter with a cutoff frequency of
400 H z, above which the model uncertainty increases. The
detailed design of Cy is not shown in this paper.

To evaluate fast scanning with a small amplitude, a
reference position with an amplitude of 2.5um and a
frequency of 100 Hz is applied to the actuator. The recorded
reference and measured position are shown in Fig. 9(d), the
corresponding coil currents are shown in Fig. 9(e) and the
error between the reference and measured position is shown
in Fig. 9(f). As is visible in the error signal (Fig. 9(f)), it
is smooth, showing the nanopositioner’s capability to realize
fast smooth scanning trajectories. The error has a frequency
of 100Hz, an amplitude of £ 420nm, which corresponds
to 16.8% of the reference amplitude and a RMS error of
295nm. This error is large compared to the previously
evaluated static positioning error and may be reduced by
applying advanced control, such as learning control [22], [23].

To evaluate slow scanning over a long range, a sine refer-
ence position signal with a frequency of 1 Hz and an amplitude
of 15 um is applied. The recorded reference and measured
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Fig. 9: Position reference and measured position, Coil currents
and error for a reference signal with an amplitude of 15 um
and a frequency of 1 Hz (a-c) and with an amplitude of 2.5 ym
and a frequency of 100 Hz (d-f).

position signals are shown in Fig. 9(a), the corresponding coil
currents are shown in Fig. 9(b) and the error between reference
and measured position is shown in Fig. 9(c). The error shows
an amplitude of +100 nm, which corresponds to 0.67 % of the
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