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Abstract—To achieve highly precise and linear scanning highly linear for the proportionality between the input coil cur-
motion by a hybrid reluctance actuator (HRA), this pa- rent and the resulting force [10], which is independent of the
per proposes a flux-controlled mode that uses regulated ., position within a uniform flux density (i.e. zero-stiffness

magnetic flux as the control input for the actuator opera- o . .
tion and evaluates its performance in comparison with the property [7]). Such characteristics are ideal to generate linear

conventional current-controlled mode. In the conventional motion in comparison with other actuators (e.g. piezoelectric
case, HRAs exhibit magnetic nonlinearities (e.g. hysteresis) actuators with hysteresis [11]). Additionally, when Lorentz
and position-dependent force that can make the system  actuators are guided by flexures for compactness, their closed-
unstable. A model-based analysis reveals that they are loop control bandwidth is significantly higher than the sus-

included in the variable magnetic flux of a HRA. Thus, . S . .
they are captured by flux estimation and rejected by flux Pension mode’s eigenfrequency by design [12]. This enables

feedback control for high quality scanning motion. For the 2 large actuation range [13] and good vibration rejection
estimation, sensor fusion with a current monitor and a [12]. As a result, flexure-guided Lorentz actuators realize even

search coil is used. Pl controllers are used for the flux feed-  panometer positioning resolution in vibrational environments
back control, as well as for current feedback control of the [14]. However, Lorentz actuators have a relatively small motor

benchmarking current-controlled mode. During scanning, . . .
feedforward control is used to compensate linear dynam- constant (i.e. forc.e—to—current .ratlo) [7] and need a.large coil
ics. When sine motions are experimentally tested at 60- current and cooling mechanism to generate a high force,
300 Hz, the current-controlled mode exhibits a nonlinearity  wasting energy in the form of heat [10], [15]. Thus, for better
getme?ﬂl 6% ar:d ﬁ3;/o, ngd::is d?ggase‘: to Iesls tha“t_5°/° energy efficiency, actuators with a high motor constant and

y the flux-controlled mode. For a um triangular motion . .- S rad 0 oo ree <o uctamc
at 100 Hz, the flux-controlled mode decreases the tracking hl‘(’;lg ll;nzarltif are desired in hlg];{gzcmfn syStiI.n; al
error by a factor of 19 to 3.2 um, successfully demonstrating ybrid reluctance actuators ( s) have a high potentia
its high-quality linear scanning motion. for the desired performance. They use both coils and perma-

nent magnets to create flux in ferromagnetic yokes [16]. HRAs
generate a bidirectional force that is relatively proportional
to the coil current and are usually regulated in the current-
controlled mode [16], [17]. The motor constant of HRAs
can be higher than comparable Lorentz actuators [7], and

High-precision actuators are used in many motion sys- HRAs are utilized in fast steering mirrors [16], [18], fast tool
tems. For example, micro/nanopositioners are installed in servos [19], and nanopositioners [17]. However, HRAs create
manufacturing and imaging systems, such as 3-D printers position-dependent force (i.e.no zero-stiffness property). It is
[1], atomic force microscopes [2], and optical profilers [3]. regarded as a negative stiffness, and guiding mechanisms such
Another example is fast steering mirrors, which are utilized as flexures with a sufficient stiffness are required for open-
to scan optical beams for free-space optical communication loop stability [17]. More critically, these actuators exhibit
[4] and 3-D imaging [5]. For compact size with a relatively nonlinearities such as hysteresis and eddy currents [20], [21],
large motion range (more than tens of micrometers and a few  in addition to the variation of the negative stiffness [17]. Such
milliradians [6]), Lorentz actuators are typically selected and nonlinearities can be compensated by motion control (e.g. po-
guided by flexures in these high-precision motion systems. sition feedback control, repetitive control, and learning control

Lorentz actuators, including voice coil actuators, use the [17], [22]). However, the nonlinearities deform the scanning
Lorentz force [7], which is bidirectional unlike the electrostatic  trajectories, resulting in a tracking error at high frequencies
force [8] and the reluctance force [9]. Lorentz actuators are [23]. Consequently, the motion control’s bandwidth needs to

be significantly higher than the frequency components of the
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I. INTRODUCTION
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Fig. 1. Hybrid reluctance actuator (HRA): (a) photograph, (b) illustration with flux paths, (c) control block diagram with a switch to compare the
proposed flux-controlled mode and the conventional current-controlled mode. The Hall sensor is removed and its output y;, is unavailable during

scanning for the motion range.

HRAs: the flux-controlled mode, where controlled magnetic
flux is used as the control input of a HRA. The model-based
analysis in this paper reveals that the magnetic nonlinearities
and the position-dependent flux are included in the variable
flux selected as the control input. Consequently, they can be
compensated by a flux feedback controller without a position
sensor. For the feedback control, the variable flux is estimated
at high resolution by utilizing sensor fusion with a search coil.
The proposed flux-controlled mode is intended to replace the
conventional current-controlled mode. To analyze the effec-
tiveness of the flux-controlled mode clearly, it is experimen-
tally compared with the current-controlled mode, without any
other remedy to handle the actuator nonlinearities. The results
demonstrate that even a simple PI controller significantly
improves the linearity of the mover motion and stabilizes the
HRA by compensating for the position-dependent force.

Flux measurement, estimation, and control have been them-
selves utilized for electromagnetic actuators [24]-[26]. In the
case of reluctance actuators, their force is proportional to the
squared flux, and this nonlinearity complicates the analysis
and motion control design, or a biasing current is required,
impairing the energy efficiency [7], [27], [28]. In contrast, this
paper reveals that the proposed flux-controlled HRA generates
a force proportional to the variable flux without a biasing
current, which is desired for highly precise and accurate
motion with high energy efficiency.

This paper is organized as follows. Section II introduces the
proposed flux-controlled HRA. It is modeled in comparison
with the conventional current-controlled mode in Section III.
SectionIV presents flux estimation for flux feedback control
in Section V, which also discusses current feedback for com-
parison. The flux and current reference signals are designed
to generate scanning motions in Section VI for experiments in
Section VII. Section VIII concludes the paper.

Il. HARDWARE ARCHITECTURE

Figure 1(a) and (b) show the employed HRA. The stator
consists of a ferromagnetic yoke with two identical actuation
coils and a Nd-Fe-B permanent magnet. The ferromagnetic
mover is guided by leaf-spring aluminum flexures. The fer-
romagnetic stator and mover are made of laminated electri-
cal steel sheets (EN10025-S235JR) to reduce eddy current

losses for energy efficiency. The mover carries a cube-corner
retroreflector (43-305, Edmund optics, Barrington, USA) for
measuring its position with an interferometer with a resolution
of 1.25 nm/bit (10899A, Agilent Technologies, Santa Clara,
USA).

The actuation coils are connected in series and used with a
custom-made voltage amplifier that includes a current monitor
with a shunt resistor to measure the coil current. Additionally,
a search coil [29] used with a preamplifier is attached to the
stator for flux estimation. The current monitor and the pream-
plifier are connected via 16-bit ADCs (DS2004, dSPACE,
Paderborn, Germany) to a rapid prototyping system (DS1005,
dSPACE) to implement the flux estimator and controllers at a
sampling frequency of 60 kHz. The voltage amplifier and the
interferometer are also connected to the rapid prototyping con-
trol system via a 16-bit DAC (DS2102, dSPACE) and an FPGA
(DS5203, dSPACE), respectively. Fig. 1(a) additionally shows
a Hall sensor (CYTHS124, ChenYang, Finsing, Germany) with
a spacer in the left variable gap. Since the sensor in the gap
interferes with the mover and limits the motion range, it cannot
be used for real-time control, but for system identification and
calibration of the flux estimator. During scanning, the Hall
sensor and spacer are removed.

I1l. MODELING

The HRA utilizes unbalanced flux for actuation. To derive
the flux for modeling, it is assumed that the yokes’ permeabil-
ity is sufficiently large. The magnetic reluctances of the left
variable gap I?;, the right variable gap R, the fixed gap Ry,
and the permanent magnet R,,, shown in Fig. 1(b) are

Ty— T Ty +x ly lm
i poA B oA’ By oA’ B ﬂOAm(;)
where 19 and A are the vacuum permeability and the cross
section area of the flux paths, respectively, and A,,, denotes the
magnet’s cross section area. The left and right variable gaps
are denoted by x, when the mover is at the center, which
the mover position x is measured from. The length of the
fixed gap and the permanent magnet is denoted by I; and [,,,,

respectively. TableI lists the nominal design parameters.
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TABLE |
NOMINAL DESIGN PARAMETERS

Parameter ~ Value Parameter Value

Tg I mm ly I mm

L 19 mm A, A, I5mmx 15 mm
N 120 H. 1MA/m

k 87 kN/m m 55¢

Because the magnet is regarded as a large air gap in (1),
the flux generated by the actuation coils’ current I does not
go through the magnet and is given by

®, = 2NI/(R; + R,) = poANI/z,, 2)

where N is the number of windings of each actuation coil.
Since l,,, is way larger than [y and x4, the flux given by the
magnet is approximated as

HCl"L

HCZTYL
= ~ ; &)
Ry + Ry + =l Ry

where H, is the coercive force of the magnet. By superim-
posing ®. and ®,,,, the flux through the left variable gap ®;
and the right variable gap ®, are given by

(Dl = q)c + ‘I)mRr/(Rl + Rr) - (I)'u + (Dm/27 (4)

m

e, =0, —0,R/(Ri+R,) =P, — D,,,/2, 5)
where @, is the variable flux defined by
O, =P+ Oy /(22y). (6)

As illustrated in Fig. 1(b), ®; and ®, consist of the constant
flux ®@,,,/2 and the variable flux ®,, which depends on z and
1.

A. Flux-controlled HRA

Eq. (4) and (5) indicate that the flux in the left variable gap
and in the right variable gap is unbalanced by ®,, resulting in
the actuation force F'. In the flux-controlled mode, the control
input is flux, and F is written as a function of ®, by using
the Maxwell stress tensor [21] as follows
(@4 B f2)? = (B — B /2
N 2104
where K,y = ®,,,/(poA) is the motor constant of the flux-
controlled HRA. Unlike conventional modeling [30], Eq.(7)
clearly indicates the proportionality between F' and ®,. This
is an important property of the proposed flux-controlled HRA
for bidirectional force and linearity, in contrast to reluctance
actuators, the force of which is proportional to squared flux.

Since the mover is guided by the flexures, it is modeled by
a damped-mass spring system [17], resulting in the equation
of motion

F

= qu)zn (7

F =K@, =mi+ct + kz, ®)

with the mover mass m and the damping c and stiffness k
of the flexures. Its Laplace transform gives a transfer function
from @, to =
x(s) K
Pr(s) = =L
D,(s) ms2+es+k

©))

Y, s |High pass filter -: N
| st A ' b
v, | _@. |Low pass filter T !
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Fig. 2. Block diagram of the flux estimator G.(s) using sensor fusion.

B. Comparison with current-controlled mode

For comparison with the current-controlled mode, (7) is
rewritten as a function of I by using (2)-(6) as follows [16],
[19]

F=Kpd+ kufﬂv (10)

where K,,. and k, are the motor constant and the actuator
stiffness of the current-controlled HRA. The equation of
motion of the lumped mass model with (10) gives the transfer
function [17]

_ x(s) Kpe

L — 11
ms2 +cs+k—k, an

Fig. 1(c) visualizes the derived models. The problem in the
current-controlled mode is that the nonlinear dynamics due to
the B-H hysteresis and the residual eddy currents [21] occur
between I and ®.. They cannot be compensated by the current
feedback controller C¢(s) since they are outside of the current
control loop. As a result, K, in (11) varies in reality, making
the current-controlled actuator nonlinear. Furthermore, current
control cannot compensate for the position-dependent force
kqx in (10), and this out-of-control force cancels k in (11).
When the mover is far away from the center, k, increases
due to the flux leakage [31] and the magnet’s flux that are
influenced by x [16]. In the extreme case of k, > k, an
unstable pole occurs in (11), and the actuator is unstable
[17]. In contrast, the control input ¢, of the proposed flux-
controlled mode includes the nonlinearities and the position-
dependent flux in (6). Consequently, they are compensated by
monitoring and controlling ®,, as discussed in the following
sections. Note that the switch in Fig.1(c) is only for the
comparison of the two modes and is not toggled during the
scanning operation.

IV. FLUX ESTIMATOR
A. Estimator model

For system identification, the Hall sensor is temporary
installed to measure the flux (®, + ®,,/2) in the left variable
gap. Since ®,,/2 is ideally invariant, by removing the DC
offset (zeroing the sensor), its output y; approximates g, ®P,,
where the sensor gain gj is 2.5 V/T. Since the sensor in the
gap reduces the motion range, the Hall sensor is removed, and
yp is estimated by a flux estimator G.(s) based on the search
coil and the current monitor during real-time control for high-
quality motion (Fig. 1(c)). In this section, G(s) is designed,
as shown in Fig.2.

The output y, of the search coil used with its preamplifier
is given by Lenz’s law [29], and it is ys = gsﬁbv, where g
is a gain determined by the preamplifier gain and the number
of the search coil’s windings that is 16. From the Laplace
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transform of y,, an estimator G.;(s) to estimate y;, from y;
is given by

Cesls) = I _ I _ g (12)
ys(s) gsS S

where g¢.s is an estimator gain. While the above integrator
filters the high-frequency measurement noise for precise es-
timation, its high gain degrades the signal-to-noise ratio at
low frequencies. Furthermore, G.;(s) is not bounded-input
bounded-output (BIBO) stable, and its output signal drifts
(Fig.4(b)). As a solution, sensor fusion is used with the current
monitor for flux estimation at frequencies lower than the
scanning frequency. If « is sufficiently small in that frequency
domain, ¢, approximates ®, in (6), and an estimator is given
from (2) for the current monitor output y. by

Gec(s) = yh(S) ~ ghCI)C(S) = ghMOAN = Gec; (13)
Ye(s)  yels) Tgge
where g. and g.. are the current monitor gain (1 V/A) and an
estimator gain, respectively. The current-based flux estimator
cannot capture the magnetic nonlinearities but is BIBO stable.
For the sensor fusion of Gs(s) and Gec(s), a complemen-
tary filter that consists of first-order low-pass and high-pass
filters [25], [31] is used (Fig.2), and the flux estimator is
given from (12) and (13) by a dual-input single-output transfer
function G.(s):

~ gecwc

_ Ges
In(s) = chyc(S) + chys(S)

where w,. is the cut-off frequency to be determined. Notice
that the above filtering is BIBO stable.

(14

B. Parameter determination

To correctly identify g.. and g.s in (12)-(14), frequency
response functions (FRFs) are measured from the voltage
reference V, to y., ys, and yp, individually. The results are

used to plot Gos(jw) and G.(jw) by calculating

i) /ysuw) Gosliio) = D109) [ 9el3e)

Ve(w) / Ve(gw) " Ve (jw) VTEJl‘usJ))
as shown in Fig. 3. By tuning g.s and g.., the transfer function
Ges(s) and Gec(s) are fit to the measured FRFs. The results
with g.s=27.4dB and g..=-13.9dB are also shown in Fig. 3.
It is visible that G.s(s) and Gec(s) capture their FRFs at
least up to 1kHz and 20 Hz, respectively. The mismatch at
frequencies higher than a few kilohertz may be due to the
parasitic dynamics of the actuation coils [32].

Fig. 4(a) shows the power spectral density (PSD) of the flux
On(s) estimated by the measured y. and G.(s) and by the
measured y, and Gs(s) when V. is set to zero. For a fair
comparison, the PSD is scaled to mT/ V/Hz. The noise of
the flux estimated by Ges(s) and ys is higher than that by
Gec(s) and y. below 10Hz. To filter the low-frequency noise
of ys, we is set to 10Hz. Fig.4(a) also shows the measured
PSD of the resulting estimator G(s) in (14). It validates that
the estimator noise is successfully reduced to the level of
Gec(s) below 10Hz. The effectiveness is significant in the
time domain, as shown in Fig.4(b), where ¢ estimated by

Ges(jw) =

20 ~ T T T
o, G, (s) ]
ol AR VIR G
S 20f ey 4./\
%b 40k —FRF:y toy, '\-.\.\-\ ]
2—60'_ FRF:ystoyh '\..’._.? _ _,:
<0 ===« Fit models | GCS(S)—" "‘ _______
10° 10" 10 10° 10* 10°

Frequency (Hz)

Fig. 3. Frequency response of the flux estimator Ges(s) and Gec(s) that
are fit to the corresponding FRFs given by (15) based on experiments.
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Fig. 4. Experimental results showing flux estimated by G (s) with the
search coil, Gec(s) with the current monitor, and G- (s) for sensor fusion:
(a) PSD and (b) time-domain signals.

Ge(s) shows less noise of 8.7 Tyms than that by Gec(s)
(57 uTyms) without drift. Additionally, measured Bode plots
from V. to y, and to ¢, estimated by G.(s) are compared in
Fig. 5, which clearly shows that G, (s) is capable of estimating
yp, up to about 3kHz. Note that the dynamics in Fig.5 have
low-pass characteristics due to the impedance of the actuation
coils denoted by Z,(s) in Fig. 1(c).

V. FEEDBACK CONTROL FOR FLUX- AND
CURRENT-CONTROLLED MODES

Since the flux estimation error increases above 3kHz in
Fig.5, a flux feedback controller Cf(s) (see Fig. 1(c)) for the
flux-controlled mode is designed for an open-loop cross-over
frequency of 3kHz with a sufficient phase margin (PM) of
55 deg. For this purpose, a PI controller is implemented by

Cf(s) = kpf + kpfw,jf/s, (16)

The P gain £,y and the corner frequency w. are set to 50.8 dB
and 300 Hz to satisfy the requirements by using a simulated
open-loop transfer function based on the measured response
from V, to g in Fig.5. Fig.6(a) shows the simulated plot,
indicating that the requirements are satisfied.

Similarly, another PI controller C.(s) (see Fig.1(c)) is
designed for the current-controlled mode. The red dashed line
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from V;. to y. as the plant. The arrows indicate the open-loop cross-over
frequency and the phase margin.

in Fig. 6(right) shows a Bode plot from V. to y. as the plant.
Notice that the gain increases at high frequencies due to the
parasitic dynamics. To decrease the open-loop gain at high
frequencies for stability, a low-pass filter is included in C,(s)
as follows

1 kpcwcc
Cels) = s/(Qewee) + 1 (kpc + s ) ’ a7

where k., wee and « are the P gain, the desired cross-over
frequency, and a parameter to tune PM, respectively. For a fair
comparison with the flux control, k., w.. and o are tuned to
31.2dB, 3kHz, and 2.1, respectively, such that the open-loop
cross-over frequency and PM are also 3kHz and 55deg, as
shown in Fig. 6(b).

For evaluation, the complementary sensitivity functions
from 7 to y. and from 7 to g, (see Fig. 1(c)) are measured as
shown in Fig.7(a). The current-controlled and flux-controlled
modes show similar behavior as desired, with a (-3dB)

S
20 v 0.1
=
m 0
S g0
~ .20 5]
%D Current-cont. é — Meas.
= 40} |- - Flux-cont. 5 -0.1 - = Trend
-60 -0.1 0 0.1
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0 (b) Current-controlled mode
Fy e
S -180 >
\ =
2360 B
[-» \ .§
540 -
10° 10 10t 4
Frequency (Hz) -0.1 0 0.1

(a) Complementary sensitivity function Reference r, (T)

(c) Flux-controlled mode

Fig. 7. Experimental closed-loop validation: (a) complementary sensi-
tivity function, and (b)(c) hysteresis loops evaluated by ¢;, estimated by
the implemented G () with 100 Hz sine inputs in the current-controlled
mode and the flux-controlled mode.

bandwidth of 5.4kHz and 6.0 kHz, respectively. Additionally,
100Hz sinusoidal references are used to evaluate Lissajous
curves. Fig.7(b) demonstrates that the flux estimator G.(s)
captures the hysteresis of the current-controlled mode. It is
compensated by the flux-controlled mode in Fig. 7(c). When
the trend lines in Fig. 7(b)(c) are used to calculate nonlinearity
(mapping errors divided by scan ranges [33]), the nonlinearity
due to the hysteresis is 6.8% and 1.1 % for the current-
controlled and flux-controlled modes, respectively.

VI. MOTION CONTROL
A. Trajectory

To evaluate scanning motions, sine waves are used, as well
as a band-limited triangular wave, which is commonly used
for imaging systems (e.g. [14]). These waves are periodic and
given in the form of Fourier series

l

ra(t) =Y (cre?™ ot 4 crem IRty
k=1

(18)

where t, [, ci, and cj, are the time, the highest harmonic,
the complex Fourier coefficient of the k-th harmonic, and
its conjugate, respectively. As discussed in SectionIV-A, the
scanning frequency w, needs to be sufficiently higher than
we=10Hz of the flux estimator G(s), where the current-
based flux estimation dominates without capturing the nonlin-
earities. Note that (18) has no DC component for the scanning
motion evaluation. For sine waves with an amplitude of A,
r.(t) consists of ¢; = —jA,/2 and ¢} only. In the case of
the triangular wave, the coefficients are given by

4A, . km
=~ gpzsin| 5 )

For the triangular scanning at 100Hz, A, and [ are set to
75 pm and 7, respectively.

19)
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where the gain is scaled to um/T for a better comparison.

B. Linear feedforward control

The HRA exhibits nonlinear as well as linear dynamics. In
order to investigate them, after the spacer and the Hall sensor
are removed, Bode plots are measured from the flux reference
ry to x for the flux-controlled mode and from the current
reference r. to x for the current-controlled mode, respectively.
They are denoted by P,s(jw) and P,.(jw) and shown in
Fig.8, where the suspension mode predicted by (9) and (11)
is visible around 200 Hz together with mechanical internal
modes (>800Hz) and phase lag due to the sampling. They
are compensated by Fourier-based linear feedforward control
[34] to generate 7y and r. as follows

* —jkwyt
cpe™’ ) 7 20)

l Ckejkwmt
0=\ 5, Gy +

2 Py, ko)

l jkwat * ,—jkwgt

cpeikws cre ke
() = - - . 21
re(t) Z (PrC(]sz) * Pr*c(.]kwoc)> @b

k=1
In the above equations, the amplitude is corrected indepen-
dently of the phase and vice versa at each frequency. This
enables to compensate for non-minimum phase zeros, unlike
feedforward control using the inverse of a transfer function
model, which turns non-minimum phase zeros into unstable
poles [35].

VIl. EXPERIMENTS

In this section, the proposed flux-controlled mode is eval-
uated in comparison with the conventional current-controlled
mode.

A. Linearity

When a sine wave is used as the reference r,, the mover
position x and the tracking error e, = r, — x are measured.
From the measured x, the nonlinearity is calculated with
a linear trend line by dividing the mapping errors by the
scan range [33]. As shown in Fig.9(a)(b), when the current-
controlled mode is used, the nonlinearity varies between 6 %

and 23 %, dependent on the scanning frequency w, and the
amplitude A,. The large nonlinearity is decreased to less
than 5% by using the flux-controlled mode. Particularly at
w, =60Hz and A, =30 um (Fig. 9(b)), the current-controlled
mode shows large nonlinearity of 23 %. This is because the
actuator nonlinearities deform the mover motion, and the
resulting third harmonic excites the suspension mode at 180 Hz
(Fig. 8) [30]. In contrast, the flux-controlled mode achieves
4.7 % nonlinearity, which is smaller by a factor of 4.8. Even
if w, is increased to 65 Hz, which is about one third of the
flux-controlled actuator’s resonance (193 Hz), the nonlinearity
is 4.7 % only, demonstrating the improved linear motion.

It is clear that the tracking error improvement by the flux-
controlled mode is more significant for the 30 um trajec-
tory than for the 1pum. To analyze this amplitude depen-
dency, the normalized error in rms e, /A, is measured for
w;=100Hz when A, is increased from 1pm to 200 pm.
Fig.9(c) shows that the current-controlled mode significantly
increases the normalized error as A, increases. Particularly
for A, =200um, the mover collides with the stator. Such
phenomena can be explained by the actuator stiffness k, of the
current-controlled HRA in (10). When the mover goes away
from the origin, k, increases and changes the plant model (11)
[17], resulting in a mismatch with P,. of the feedforward
control (21) and in a larger tracking error. Eventually, the
actuator can be unstable due to the uncontrollable positive
flux feedback loop in Fig. 1(c).

As discussed in SectionlIl, the problematic position-
dependent flux is regarded as a disturbance in the case of the
flux-controlled mode and can be rejected by the flux feedback
controller. The experiments in Fig. 9(c) verify the model-based
analysis. In the the flux-controlled mode, the normalized error
is less than 8.3 % over the entire amplitude range, and the
stable actuator operation is realized even for A, =200 ym.

B. Triangular scanning motion

The linear sine motions of the flux-controlled actuator in
Section VII-A imply its capability to realize an arbitrary peri-
odic scanning motion by superimposing them. This capability
is demonstrated by using the triangular trajectory designed in
Section VI-A. Fig. 10(a)(b) shows that the current-controlled
mode generates a significantly larger motion than the desired
motion of +75 um. The tracking error e, changes between
-116 pm and 93 pum, resulting in an rms value of 60 yum. The
flux-controlled mode decreases this large rms error by a factor
of 19 to 3.2 ym.

More importantly, the spectrum of the tracking error in
Fig. 10(c) shows that the current-controlled mode’s e, has
frequency components up to about 2 kHz, which is far higher
than the highest harmonic frequency 700 Hz of the reference
r5. This is because the nonlinearities deform the scanning
motion and create the higher harmonics. They are unwanted
as they may excite mechanical internal modes. In contrast, the
error spectrum in the flux-controlled mode is up to 800 Hz
and stays at the noise floor level at higher frequencies, due to
its high linearity. This property is more important when the
scanning motion is further improved by combining motion
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drift in a targeted scanning frequency band. The captured

g 200 o) nonlinearities are rejected by flux feedback control, which is
= 100 " N ! \‘ Ey implemented by a PI controller. For the benchmarking current-
g o'\ X X o controlled mode, a low-pass-filtered PI controller is designed
2 VAR AR, u% for fair comparison. Furthermore, the reference signals are
A -100 u \ N individually designed to compensate for the linear dynamics.
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Tiﬂ(lae)(s) Tin(lg)(s) scanning motions is up to 23 % in the current-controlled mode

while it is less than 5 % in the flux-controlled mode. When the

+75 pm triangular reference is used for 100 Hz scanning, the
current-controlled mode results in the large distorted tracking
error of 60 um. The flux-controlled mode decreases it to
3.2 um, demonstrating its improved linearity achieved by the
regulated flux control input. Future work includes accurate
flux estimation at low frequencies, in order to expand the
Frequency (Hz) applications of the highly linear HRAs in the flux-controlled

(©) mode.
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Fig. 10. Measured 100Hz triangular motions in the flux-controlled
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