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Image Based Iterative Active Error Compensation
for Polygon Mirror Based Scanning Systems

Bo Cong, Han Woong Yoo, and Georg Schitter

Abstract—This paper deals with the correction of cross-scan
errors in polygon mirror (PM)-based laser scanning systems by
active error compensation (AEC) using a fast-steering mirror
(FSM). However, AEC is susceptible to sensor non-collocation
errors since the FSM is typically controlled via an internal
angular sensor. This sensor error can be evaluated by position
measurements of the scanning laser, but these measurements
are not always feasible due to the inherent duty cycle of PM-
based scanning systems. Image-based iterative AEC (II-AEC)
is proposed to use partial measurements to address the sensor
non-collocation error, thereby improving the precision of PM-
based scanning systems. II-AEC consists of a cascade structure
where the inner loop employs iterative learning control for the
FSM using the internal sensor, and the outer loop iterates the
inner-loop reference based on the laser positions measured by a
CMOS sensor. II-AEC has been implemented and evaluated on
a PM-based stereolithography apparatus, resulting in a 40-fold
printing precision improvement compared to the uncompensated
apparatus.

Index Terms—Fast Steering Mirror, Polygon Mirror, Error
Compensation, Image-based Control, Iterative Learning Control

I. INTRODUCTION

OLYGON mirror (PM)-based scanning systems are sub-

ject to repetitive cross-scan errors that limit their scanning
precision, but these errors can be mitigated through active error
compensation (AEC) using a fast-steering mirror (FSM) [1]—
[3]. Due to facet tilts of the PM, the scanning system deflects
the laser beam in the direction orthogonal to the main scan
axis by up to hundreds of microradians, resulting in repetitive
cross-scan errors with each revolution [1]. By pre-directing
the laser beam for each facet during the scan, an FSM
can compensate for the tilt difference of each facet. FSMs
are typically chosen because of their fast dynamic response
in small angle ranges [3], e.g., a few degrees or less [4],
in comparison to galvanometer scanners, which are often
used for scanning over tens of degrees [5]. With advanced
control strategies, such as iterative learning control (ILC), an
FSM can track a fast-varying compensation trajectory without
compromising tracking accuracy. The ILC-based AEC (ILC-
AEC) achieves a 27-fold error reduction [2], [6]. Using FSM
to manipulate laser beam path with microradian accuracy is
also widely applied in fields such as space communication [7],
image motion compensation [8], image scanning [9].
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FSMs are typically equipped with internal angular sensors
to establish a closed-loop control system for accurate mirror
angle control [10]-[12]. A high-bandwidth closed-loop control
design improves the tracking accuracy of FSMs to a dynamic
reference, but the improvement is constrained by causal-
ity [12]. In special cases where the reference is repetitive,
ILC can be used to further reduce the tracking error [6], [13].
Despite advanced control methods, the control loop based
on the internal sensor cannot guarantee the performance of
the FSM due to “dynamic deviations”, arising from the non-
collocation between the internal sensor and the mirror [11],
[14]. Besides the low-pass characteristics of sensor electronics,
this dynamic deviation is typically caused by structural modes
of the mirror assembly [11], [15], [16]. As the structural
modes are typically situated at high frequencies, the dynamic
deviation is more noticeable when driving the FSM with a fast
reference, such as in AEC for PM-based scanning systems [2].

Model-based and measurement-based solutions have been
proposed in the literature to address this challenge. In [15],
the inverted sensor model is incorporated as an additional
transformation in the control loop for a galvanometer scanner,
improving the angle tracking accuracy by a factor of 7.5;
however, the improvement relies on the accuracy of the sensor
model. Measurement-based approaches aim to directly assess
the tracking accuracy using beam position measurements on
the target plane [7], [17], [18], achieving sub-microradian
precision in space communication applications [17].

Both position-sensitive devices (PSDs) and CMOS sensors
are widely used for laser beam position measurements [19],
[20]. PSDs convert beam position into electrical signals with
bandwidths above 10kHz bandwidth [19], but lack beam in-
tensity and spatial distribution data often needed for scanning
system evaluation [21], [22]. CMOS sensors capture the beam
profile and determine position via post-processing, achieving
spatial precision of one-tenth of a pixel [23] or an optical
angular resolution of 0.13 purad for mirror tilt [24]. A global
shutter is preferred, as rolling-shutter CMOS sensors may
introduce distortions when measuring moving laser beams.
While limited by frame rate and processing time in real-time
use [19], CMOS sensors are well suited for offline measure-
ments. Combined with linear stages, CMOS sensors enable
meter-scale offline beam position measurements, making them
suitable for evaluating PM-based scanners [2].

Using image-based control to improve trajectory tracking

accuracy is also known as visual servoing in robotics and au-
tomation systems [25], [26]. The tracking error of, for instance,
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a robot manipulator is computed from the captured images by
a camera mounted on the robot arm or at fixed positions, and
fed back to the robot joint actuation to correct local sensor
errors [26]. Offline measurements based on captured images
can also be incorporated into ILC frameworks for robotics to
improve tracking accuracy [27]. Image-based control is also
applicable to other performance aspects, such as extrusion
accuracy in micro-robotic deposition [28] and layer shape
control in micro-stereolithography [29].

Image-based control within the ILC framework has the
potential to resolve the sensor non-collocation error in AEC;
however, the duty cycle of PM-based scanning systems must
also be addressed. These scanning systems correlate the laser
beam direction to the laser position only within a limited
portion of the total scan angle, defined by the duty cycle [1],
[2]. Outside this duty cycle, the integrity of the laser beam is
compromised. Consequently, measuring the laser position on
the target plane provides only a partial evaluation of the FSM
dynamics. Data unavailability in the ILC framework has been
investigated in the context of networked systems [30], [31],
where random dropout is assumed at each time step during the
repetition period. However, this assumption is not applicable
to the AEC, where data dropout is dictated by the duty cycle
and follows a deterministic binary pattern.

This paper makes the following key contributions:

i) A new image-based iterative active error compensation
(II-AEC) scheme for PM-based scanning systems, which
uses cascade ILC together with image-based laser position
measurements to compensate dynamic errors arising from
FSM-sensor non-collocation.

ii) A general design methodology for selecting the learning
and update filters within the cascade ILC framework,
ensuring stable learning and improved error reduction.

iii) An experimental demonstration on a PM-based stere-
olithography apparatus confirming the effectiveness of the
proposed approach.

The rest of this article is organized as follows. In Section II
the principle of AEC in a PM-based scanning system is intro-
duced, and the sensor non-collocation of the FSM is analyzed.
Section III introduces the proposed II-AEC method, which
is implemented and experimentally evaluated in Section IV.
Lastly, Section V concludes the paper.

II. ACTIVE ERROR COMPENSATION WITH FSM
A. System description

A high-speed, high-resolution, and large-scale PM-based
stereolithography apparatus (SLA) is used in this paper to
demonstrate AEC for cross-scan errors using an FSM [2]. This
SLA consists of a rigidly integrated PM-based scanner and
measurement stage, as shown in Fig. 1.

The PM-based scanner delivers and focuses laser beams to
a defined print plane by an 8-facet PM and an F-Theta lens.
Laser beams are directed onto the PM facet by an FSM. Each
facet of the PM scans the laser beam to print a single line in
each PM revolution in a consecutive manner. The scan lines
are evaluated by a CMOS sensor (3.75um x 3.75um pixel
size) mounted on an X-Y stage assembly positioned on the
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Fig. 1. PM-based scanning system with AEC. The system consists primarily
of an 8-facet PM, a long-focus F-Theta lens, and a 405-nm laser achieving a
scan speed of 230 m/s over a £0.23 m scan range (or £22° optically) with an
FWHM spot size of 22 um [2]. An FSM is employed to implement AEC for
cross-scan errors, improving the printing precision. The cross-scan error of the
scanner is evaluated by the measurement stage, using a linear stage assembly
and a CMOS sensor. The X, Y, and Z coordinates are defined by the nominal
scan direction, the PM rotation axis, and the right-hand rule, respectively.
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Fig. 2. Scan line position variation from 20 repeated measurements of Facet
1 at the center of the scan range using the CMOS sensor and linear stage.
Left: variation decreases with increased averaging of captures but is limited by
stage repeatability. Right: estimated measurement duration increases linearly
with the averaging counts.

print plane of the scanner. More details on the used hardware
can be found in authors’ previous work [2].

The CMOS sensor captures segments of continuous scan
lines, with its shutter synchronized to the PM rotation. Moving
the CMOS sensor with the X-stage over a 0.5m stroke
enables full coverage of the designed scan range. The cap-
tured images reveal the laser beam’s intensity profile, and
beam positions are extracted by combining image data with
linear stage positions [2]. Averaging multiple image captures
is employed to robustly extract the deterministic scan-line
position from non-deterministic disturbances in the PM-based
scanning system, including vibrations and wind disturbances.
Measurement accuracy is additionally constrained by the linear
stage repeatability [32]. Fig. 2 presents the variation in the
scan line position from repeated measurements using different
numbers of captures for averaging. An averaging count of
100 captures provides a measure precision of 0.5 um and is
used as a trade-off against measurement duration. The CMOS
sensor orientations and linear stage errors are calibrated to
the nominal scan direction (X-axis), defined by the average
orientation of scan lines generated across all facets of the PM.

By moving the Y-stage at a constant speed, the print
references are shifted by a distance dy_y, on the print plane,
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Fig. 3. PM-based scanning system achieves raster scanning by synchronizing
linear stage motion with PM rotation. (a) Facet tilts in the PM introduce print
errors, causing the printed lines to deviate from their reference positions in
the cross-scan direction. (b) An FSM is employed to actively compensate for
the cross-scan error by steering the laser beam with an angle ¢(t).

resulting in a raster print pattern as shown in Fig. 3. Due to
PM facet tilts J, deterministic cross-scan errors arise in the
PM-based scanning system [33], causing scan lines to deviate
from the reference, as illustrated in Fig. 3(a). To reduce this
error, AEC is implemented using the FSM, which steers the
laser beam via an angle o(t), as shown in Fig. 3(b). PM facet
imperfections in the X-Z plane create so-called facet-to-facet
errors, which can be largely eliminated using start-of-scan
sensors [1], [6], and have negligible impact on the AEC [2].
The scanner and measurement stage are interfaced and
controlled via a rapid prototyping system (DS1005, dSPACE
GmbH, Germany), operating at a sampling rate of 20kHz.

B. Sensor non-collocation

The FSM achieves AEC by tip-tilting the mirror according
to a trajectory r, typically within 1 mrad. An internal angular
sensor is used to implement feedback (FB) control of the
mirror angle ¢ to ensure steering accuracy. However, since the
angular sensor is not located directly on the mirror surface,
it is non-collocated with the actual mirror angle. This non-
collocation can lead to a dynamic mismatch between the
measured and actual mirror angles, denoted by ¢’ and ¢,
respectively. This dynamic mismatch is represented by internal
sensor dynamics Gggny in the block diagram, shown in
Fig. 4(a). The FSM plant and the FB controller in the closed-
loop system are represented by G pgyr and Crp, respectively.
Since the closed-loop transfer functions from 7 to ¢’ and ¢
are derived as

Gsen Grsm CrB
1+ Gsen Grsm Crp’

)

Ty =
and
Grsm Crp
1+ Gsen Grsm Crp
respectively, the internal sensor dynamics can be identified
from

)]

Tr—mo =

G’SEN = T‘r‘jap Tr—)ap“ (3)

In addition to the internal sensor dynamics, misalignment
between the pivot point and the laser beam is another common
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Fig. 4. Internal angular sensor dynamics. (a) Gggn is demonstrated in
the closed-loop controlled FSM. (b) An external PSD measures the actual
angle o, which is compared against the internal sensor measurement . (c)
Frequency response functions of the closed-loop FSM are identified with the
internal PSD (solid yellow) and the external PSD (dashed blue). The ideptiﬁed
GggN (dash-dotted light red) is estimated by a parametric model Gspn
(dotted dark red).
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deterministic source of beam steering errors, as FSM rotation
induces a lateral shift of the laser beam. However, this beam
shift is translational and can be considered negligible in the
present scanning system for two reasons: (1) the FSM only
rotates less than 1 mrad, resulting in lateral displacements on
nanometer scale, and (2) the optical system, including the F-
Theta lens, is largely insensitive to such lateral shifts [34].

The considered FSM employs an internal optical sensor to
achieve closed-loop control, and the concept is demonstrated
in Fig. 4(b). The PSD measures the assistant laser beam after
being reflected by the ancillary mirror, providing an angle
evaluation ¢’ for the FSM. Similarly, an external PSD can be
configured to directly evaluate the actual angle of the mirror
, revealing the internal sensor dynamics Gsgy .

Fig. 4(b) shows a one-degree PSD (1L30UVSU2, SiTek
Electro Optics AB, Sweden) is placed at the center of the
print plane and aligned with the Y-axis to evaluate ¢ of the
FSM. With the PM held static, the cross-scan displacement y
of the laser beam on the print plane serves as a measure of
the actual FSM angle ¢. The exact correlation between y and
¢ can be derived from [35], and here a linear approximation

y=2fpcosf “

is used, where f is the focal length of the F-Theta lens, and
(1 is the beam’s incident angle on the FSM in the X-Z plane.
This approximation error is less than one part per million (1
ppm) for ¢ < +1 mrad.

The frequency response functions (FRFs) of the transfer
functions 7)., and T, are identified using white-noise
references and are plotted in Fig. 4(c). The internal sensor dy-
namics Gsgn, derived from (3), are represented by the dash-
dotted light red line in Fig. 4(c). Multiple zero-pole doublets
are visible in Ggpy from approximately 500 Hz, indicating
that small masses decoupled from the mirror [11]. Sensor
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dynamics in internal FSM sensors, similar to those observed The angle ¢ is defined for each facet of the PM
here, have also been reported in [14] and characterized using I
pole-zero doublet models in [11]. Here, a parametric model Op(i)=(1—1) N i={1,2,--- ,Ns}. )
!

4
OSEN = ksen H
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82'1'41215"'222 5)
sStpipistp;

is derived to describe the internal sensor dynamics Gggn up
to 2500 Hz, and consists of four zero-pole doublets and a gain
factor ksen, = 1.8. The parameters of these doublets are listed
in Tab. L.

TABLE I
ZERO-POLE DOUBLETS OF INTERNAL SENSOR
i 1 2 3 4
Gi 0.04 0.22 0.09 0.12
z; 10057 2121w 24297 4192w
Pi 0.04 0.18 0.08 0.57
p; 10157 2040w 2515w 56187

The internal sensor dynamics resulting from the non-
collocation between the sensor and the mirror lead to a
deviation between the measured and actual angle. In particular,
when the AEC demands a fast trajectory r that contains
frequency components near or above 500 Hz, the achievable
compensation accuracy becomes limited.

C. Mapping angle to position with duty cycle

Measuring the actual FSM angle ¢ helps resolve the sensor
non-collocation error in the AEC. Since the FSM angle ¢ is
reflected in the cross-scan position of scan lines on the print
plane, line position measurements obtained via CMOS sensors
can be used to assess the FSM angle.

The FSM angle ¢ is mapped to the scan line position
(z,y) [35]. For ¢ < +1mrad, linear approximations can be
applied to simplify the correlation between y and ¢ to 6-
dependent gains

and @~ Ky_,(0)y, (6)

where 6 is the rotation angle of the PM. The z position
becomes a function of 6 only. In practice, this function is
calibrated by correlating the laser modulation time, the PM
encoder readout, and the captured laser position from the
measurement stage. The error introduced by this simplification
is less than 1 ppm within an optical scan angle of +22°. Given
the constant rotational speed of the PM, denoted by wpy, the
gains K,_., and K, _,, are time-dependent.

The mapping between ¢ and y, however, can only be es-
tablished within the duty cycle of PM-based scanning systems
due to optical constraints [1], [2]. For a Ny-facet PM-based
scanning system of a duty cycle pu, the laser beam is only
projected when the rotation angle satisfies

y = Kpoy(0) @

2
aon:{9€R|9f§‘9§9f+Ni}7 (N
Ny
and turned off when

2 2
eoff:{HER‘9f+Mﬁ7;<0<0f+ﬁ7;}~ 8)

Plugging in the PM rotational speed wppy, the angle sections
(7) and (8) define piecewise-defined temporal windows

0071

9
ton = and top; = 211 (10)

wpM WpM
The union of these two windows constitutes a full PM repe-
tition period, tpar = ton U tops. The correlation (6) is valid
only within the scanning window ¢,,, and does not hold during
the transition window .

By accounting for the time-varying gain and the duty cycle
of the PM-based scanning system, only a partial evaluation of
the FSM angle is feasible using image-based measurements.
Consequently, integrating image-based measurements into the
AEC introduces nonlinearity into the FSM control.

I1I. IMAGE BASED ITERATIVE AEC

Image-based iterative AEC (II-AEC) is proposed to address
the sensor non-collocation error of the FSM in the AEC,
thereby reducing cross-scan errors in PM-based scanning sys-
tems. The II-AEC adopts a cascade iterative learning structure,
in which the learning and updating filters are specifically
designed to accommodate the nonlinearity introduced by the
image-based measurements.

A. Control structure

Fig. 5 illustrates the proposed control structure for the II-
AEC, implemented in a cascade configuration. The inner loop
incorporates the modeled internal sensor dynamics G spn and
the FSM dynamics with ILC. In the outer loop, the learning
filler Loy maps the measured laser positions to the FSM
angles ¢, while the updating filter Qoyr ensures learning
convergence of the cascade loops. The implementation proce-
dure is detailed in Algorithm 1.

The algorithm starts by setting the initial compensation
trajectory 0 to zero, and measuring the uncompensated cross-
scan error Ay° using the CMOS sensor. This error is then
mapped to the scanning window ¢,,, based on the established
correlation between scan position x and PM rotation angle
0. To provide an effective initial guess for the compensation
trajectory during the transition window t,r¢, the product
Loyt AyP is interpolated over a full PM repetition period
tpys using MATLAB’s interpl” function with the spline”
method. This interpolation yields a smooth trajectory and
helps reduce the number of required learning iterations. In
each outer-loop iteration n, the current trajectory "™ is filtered
through the internal sensor model Gsens producing the FSM
control reference . This reference is then tracked in the inner
loop using FB control and ILC, based on the FSM’s internal
sensor. After N, inner-loop iterations, the final feedforward
signal f™m is retained as the input f for FSM actuation. The
CMOS sensor is again used to measure the residual cross-
scan error Ay™, which is then processed by the outer-loop
learning filter Loy and updating filter Qouyr to generate
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Algorithm 1 Image-based iterative AEC

Input: Controller Crp, sensor model G‘s EN, learning filters
L;n and Loy, updating filters Q;n and Qour, and itera-
tions N, and N,,.
Output: Compensation trajectory r, FSM reference ' and
feedforward signal f.
1: Initialize outer loop: n + 0, r° < 0
2: for all n =0 to N,, do
3. Initialize inner loop: ' + Ggpn ™, m < 0, fO <0
4. for all m =0 to N, do
5 Measure tracking error € of FSM
6: S = Qin (f™ + Lin e™)
7. end for
8:  Keep feedforward signal f < fNm
9:  Measure scan line position (z, Ay™) using CMOS sen-
sor and linear stages; map measurement to ¢,
10:  if n =0 then

11: r! « Qour (7“0 — interpl (ton, Lour Ayo,tpM))
12: else

13: "t Qour (r" — Lour Ay™)

14:  end if

15: end for

16: Keep trajectory 7 < N~ and reference r’' + Ggpyr¥"

17: Return r, v’ and f

Inner loop lLC-AEC
[

LIN

[

r - @ em
[
[

i N+l n
’i' |I+ ' Qour F‘?ﬁr—l """

Fig. 5. II-AEC for PM-based scanning systems is designed in a cascade
structure with two iteration loops. The inner loop (blue background) ensures
accurate tracking of the FSM angle ¢ to the compensation trajectory 7.
The outer loop (pink background) updates the compensation trajectory 7™
iteratively using image-based measurements of the cross-scan error Ay™. The
learning and updating filters are denoted by L and (, with subscripts ()7
and (-)oyr specifying the inner and outer loops, respectively. The diagram
enclosed by the yellow dash-dotted line depicts the ILC-AEC approach [2],
which includes only the inner ILC loop.

the next compensation trajectory r"*1. This process repeats
for N, outer-loop iterations, after which the final trajectory
rNn is adopted as the compensation trajectory r, and the
corresponding filtered reference ' = G’SE N7 is used for
the FSM control. The values of N,, and N,, are user-defined
parameters selected to ensure that learning in the outer and
inner loops continues until convergence.

The inner-loop learning and updating filters are adopted
from typical ILC designs [2]

and  Qrn = Fpw (fin) Fpw (fin), (11)

where Fy and Iy, are a complex conjugate pair of Butter-
worth filters with a cut-off frequency f;, =2 kHz, ensuring the

Lin = pt

TABLE II
PARAMETERS OF FSM MODEL AND FB CONTROLLER
wo ta kp k; kq kn Wip
169.6 rad/s 25us 90 10 0.0016 8 x 10°® 48007 rad/s

convergence of the inner loop. The learning filter is derived
from the modeled process sensitivity of the FSM

. . . ~1
P(s) = Grsu (1 +Grsm CFB) .

The FSM plant model G rsym and the FB controller Crp of
the considered FSM are [2]

12)

2
) _ Wy e 13
Grsm(s) 5%+ 0.08wo 5 + wj "
and
k:i kds W?
CFB(S):]CP<1+? k8+1> ;

52 4 0.8wip 5 + wi,’
1

respectively, with the parameters given in Tab. IL.
For the outer loop, the learning filter is defined by the
correction sensitivity of the cross-scan error

15)

which, when combined with the projection sensitivity K,_,,
in the cascade structure, ideally yields a constant overall gain.
For the outer-loop updating filter, a fourth-order zero-phase
Butterworth filter

Qour = Few (fout) Fiw (fout) (16)

is considered, with the cut-off frequency f,,; being a tunable
parameter. The choice of f,,; has to balance the learning
convergence and performance of the cascade loop.

Lovr = Ky,

B. System dynamics and lifted system representation

The cascade loop is formulated using lifted system repre-
sentations to facilitate the filter design and implementation.
With a constant rotational speed wpys of the PM and a fixed
digital sampling time ¢5, the FSM dynamics in lifted form
have a finite length IV, which corresponds to the PM repetition
period. The dynamics are expressed in matrix form [36] as

®=JR, 17

where the output angle vector ® = [©(0), (1), -+, (N —
1)] " and the trajectory vector R = [r(0),7(1),- -+ ,r(N-1)]T
each represent the system states sampled at discrete time points
within one repetition period N. The FSM dynamic J is a
circulant matrix of the form

HO)  H(N-1) H(1)
H(1) H(0) H(2)

= . : Sl as)
H(N—1) H(N-2) H(0)

where each column is constructed from the system response
function H (k), which satisfies the periodicity condition

H(k)=H(k+aN), a € Ng, k€{0,1,--- ,N —1}. (19)
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For a repetitive linear system, J can be derived directly

from the FRF using the decomposition [36], [37] 03 w 04 [ K e Lour|
— 0.2} b | [0} o hoooaoo0od — — — —boxooo000|
ﬁo.ufﬂhﬂfrﬂ\wj = S TRy
=UANU* 20 T | . A T 08 b | Kon | Koff
J=u ’ (20) -()(l)L———\————li———l___J Wy RN eRss T |
i IN o0 N N N R T T

where (-)* denotes the conjugate transpose. The transformation
matrix U is unitary and is defined as

! - Moo % ¥ A
Discrete sample k

U= ——[My M My 1] @1 ©
= — [ M, PR Noil, . 0.1
VN
with °
—0j —1j —(N=1)j T 0.1
M, = [e Ojwits  p—ljwkts ... o—(N 1)]Wk'ts] (22)
representing the k" eigenvector of J at the frequency wy = 02
QTI'NL“. The eigenvalue matrix A is a diagonal matrix that 03
contains the discrete Fourier transform representation of the
FSM dynamics: (d)
A = diag ([)\0 PYRE >\N—1]) ) (23) Fig. 6. System dynamics in lifted representations. (a) Response function H (k)

of the FSM dynamics, including the inner-loop ILC. (b) Diagonal entries of
K-y and Loyr. (¢) FSM dynamics in lifted representation J (d) Inner-

The overall FSM dynamics of the inner loop combine the loop dynamics represented as the product Ky—p.J .

sensor model GSEN, the sensor dynamics Gspy, and the
FSM control loop dynamics G'rgar, and are expressed as
Since no correlation between y and ¢ exists at the sample

-1 ~ A
¢ =Gspy Grsm GsenT 24 indices kofs, (6) is specified as

Here, G sy represents the equivalent FSM system dynamic K kt k. kek
after convergence of the inner-loop ILC, estimated as follows: y(k) = { 0 eoy(Wpar kts) o(k), ke kon , (32)

_ _ ) of f

Grsu =1 (1=Qv (1= P L))" (1= Qi) 5, ©9) Kysp@par k) y(k), K € Fon

. Yy S )

where the sensitivity S and process sensitivity P of the closed- wlk) = 0, k€ kosy ’ (33)

loop FSM are defined as . . . . .
Expressing these correlations in matrix form yields the pro-

S=(1+GsenGrsmu Crp) ", (26)  jection matrix
P =Ggspn GrsmS, 27 Y, =Kpoy @, (34)
respectively. Consequently, the eigenvalues \; of J are com- 2nd the learning filter matrix
puted as AR = Loyr AY= Ky, AY. (35)
Ay = {GEEN(J'W) Grsm(jwr) Gspn (jwr), k <
>

N—k> k

Fig. 6(b) illustrates the diagonal entries of both matrices.
Combining the FSM dynamics [ with the projection matrix
(28) Ky results in the inner-loop dynamic

SN

Fig. 6(a) find (@) visua.lly illustrate the response.function H(k) AY" = Kyyy T R" + Y, (36)
and the circulant matrix 7, respectively, as derived from FRF
identification. The inner-loop ILC ensures zero-phase delay in ~ as shown in Fig. 6(d). Adding the outer-loop filter matrices

the FSM response to a repetitive trajectory. Qour and Loyt completes the cascade learning control, with
Similarly, the outer-loop learning filter Qoyr can be for- the updating function defined as
mulated as n—+1 n n
R"™ = Qour (R" — Lour AY™). (37
Qour =UAqU" (29)
where Ag is a diagonal matrix containing the frequency- C. Updating filter design ensuring learning convergence
domain representation of the filter. For the cascade control system defined by (36) and (37),

Besides the dynamic system in the cascade loop, the time-  the updating filter Qo7 of the outer learning loop still needs
varying gains K, ., and Loyt are also reformulated in to be designed with an appropriate cut-off frequency fo,; to
lifted representations. The PM duty cycle divides the repetition  ensure both learning convergence and performance.
period into piecewise temporal windows t,, and t,;¢. Given Plugging the inner-loop dynamics (36) into the updating
the sampling time ¢, the corresponding sample indices for function (37) yields

each window are defined as
R = Qour (I — Lovr Kpsy T) R™ — Qour Lout Ys.
kon ={k€{0,1,--- \N =1} | kts € ton}, (30) .
kopg ={k €{0,1,-+ \N =1} | kts €tors}. (D (38)

Pre-print version of the article: B. Cong, Han Woong Yoo and G. Schitter, “Image Based Iterative Active Error
Compensation for Polygon Mirror Based Scanning Systems,” IEEE/ASME Transactions on Mechatronicspp. 1-12, 2026.
DOI: 10.1109/TMECH.2026.3651912

(© 2026 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in
other works.


https://www.tuwien.at/etit/mpei/mes/publikationen
https://doi.org/10.1109/TMECH.2026.3651912

Pre-print version (generated on 10.03.2026)
This and other publications are available at:
https://www.tuwien.at/etit/mpei/mes/publikationen

MECHATRONICS &
POWER ELECTRONICS
INSTITUTE

IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. ?2, NO. ??, ?? 2025

The outer-loop learning control monotonically converges if the
matrix Mo, satisfies [38]

7(Meonw) < 1, (39)

where G () computes the maximum singular value of a matrix.
By substituting (29) for Qoyr, the convergence matrix can
be rewritten as

Meonw =UNg | I —U" Lour Kpsy U A | U™, (40)
—_—————

Anm

and the learning performance after convergence is estimated
by

AY>® = (_}Cap—w J (I - Mconv)71 QOUT COUT + I) Y5

(41)

Under the hypothetical condition of a 100% duty cycle (1 =

1) for the PM-based scanning system, the mapping matrix A s

becomes the identity matrix. Thus, the convergence matrix
(40) simplifies to

Meons =UNg (I —A) U, (42)

and the monotonic convergence condition (39) is equivalent to
requiring the maximum absolute value of the diagonal entries
of Ag (I — A) to be less than one. Since U links each diagonal
entry to frequency wy, this condition (42) is identical to the
frequency-domain convergence condition [39]

|Qour (1 — Ggpn Grsum Gsaw) loo < 1.

For an ideal inner loop where A = I, (39) is trivially
satisfied, and the learning performance depends solely on the
updating filter Qoyr as (41) reduces to

AY® = (=Kypoy Qour Lovr + 1) Ys.

(43)

(44)

Increasing the cut-off frequency fo,+ of Qouyr enables a
greater reduction in the cross-scan error AY. However, when
the inner-loop dynamics are non-ideal (A # I), the bandwidth
of Qour is constrained by (39).

Fig. 7(a) shows the singular values of Moy, for p = 1,
calculated from the diagonal entries of Ag (I —A), where
Qour has a cut-off frequency f,,+ = 3.3 kHz to satisfy (39).
Plugging in the system parameters t, = 5x 107° s, N = 320,
and Ny = 8 of the PM-based SLA, each singular value is
mapped to a frequency wy, indicated on the horizontal axis of
Fig. 7(a). This outer-loop learning bandwidth is fundamentally
limited by the model accuracy of the FSM sensor dynamics,
as significant phase discrepancies occur above about 3 kHz.

For a typical PM-based scanning system with u < 1, i.e.,
the FSM dynamics are only partially measured by the laser
position measurement, the direct frequency-domain interpre-
tation of (40) is no longer valid. The mapping matrix Aps
becomes circulant, rather than diagonal, with each column’s
elements described by

N-1

% hy ejzﬁbk’ hy = 1, b€ky, -
b—0 0, be koff

H (k) = (45)

‘ f =00 ® 4=100 =050
- 1% T - 0 + p=075 x ,ljo.zs
<‘ 0.8} ! 1.2 ] ‘k'f : : ] :

0.6 Y | | ¥ |
= o4t AR L S
So2 Lovaao‘—f«»— : D ¥y
— oMM [t **J&* *;&** "
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Fig. 7. Convergence analysis of II-AEC. (a) Singular values of Mcony for
= 1. Learning convergence is ensured with fou: =3.3kHz of Qoyr.
(b) Hps(k) for various duty cycles. When p < 1, Ajps becomes a circulant
matrix, disrupting the frequency alignment between the input and output of the
mapping matrix Aps. (c) Reference update demonstrates the multi-frequency
mapping, where R" is a dual-sine signal and Y = 0. (d) Largest 160 singular
values of Mcony for = 0.5. A reduced cut-off frequency fout of QouT
is necessary to ensure monotonic convergence for the scanning system with
= 0.5. (e) and (f) Simulation results showing that (M conv) < 1 can be
achieved with appropriate fo.+ design for the PM-based SLA under various
duty cycles and scan speeds.

Fig. 7(b) shows the middle column of Aj; for various duty
cycles. Hps(0) corresponds to the diagonal entries of Ajy,
indicating the mapping from an input frequency to the same
output frequency. The presence of non-zero off-diagonal en-
tries Hps(k # 0) in Fig. 7(b) implies that a single input
frequency is mapped to multiple output frequencies.

This multi-frequency mapping is demonstrated by compar-
ing the trajectory updates R™ and R™*! from (38), assuming
R" is a dual-sine signal with frequencies f; = 250 Hz and
fo = 1250 Hz, and Y5 = 0. The simulation results, presented
in Fig. 7(c), show that for ; = 1, the filter Qpuyr with
fout = 3.3 kHz satisfies (39), reducing the amplitudes of both
sinusoidal components in R"*! (yellow dots). However, for
i = 0.5, the original frequencies in R™ are spread into a
broader frequency spectrum in R™*! (red crosses), with an
increased amplitude at f, indicating a violation of (39).

By reducing f,,¢, the monotonic convergence criterion (39)
can once again be satisfied for the cascade learning loop, as
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shown in Fig. 7(d). For f,,+ = 1.8kHz, the largest singular YT

value is limited to & (M ony) = 0.9989. Further reducing fo _ ?gg T T AL ] i eo[™a !

to 0.5kHz enhances the learning robustness, though at the K Oth iteration | 100 fon S

expense of learning performance as described in (41). é‘ 150 Y and IR _100374”0_*?”7:

Fig. 7(e) and 7(f) illustrate that the convergence criterion 300 LT Ko _130{ ] |
(39) can be satisfied for the PM-based SLA under different 0 4 8 12 16 {ygoltot 1
1

duty cycles and scan speeds. Systems with lower duty cycles
require a lower fo,,¢ to satisfy (39), as a smaller portion of the
total FSM dynamics is captured in the images. Conversely, at
higher PM speeds, the image-based measurement corresponds
to higher-frequency dynamics, allowing a higher f,,; in the
outer loop. For the investigated PM-based SLA, with a duty
cycle ¢ = 0.5 and a scan speed of 230 m/s, the updating filter
Qour is chosen with f,,; = 1.8 kHz.

The selected filter Qry guarantees inner-loop convergence
with a factor-1.5 robustness margin against multiplicative (b)

Time [ms]

uncertainties Ayy of the FSM model [2], defined by = % | ‘ ‘ Y T T ETTTr Sy T
Taolodo—a__a__| EM00O FNo AEC: 133 i
> 3 U iLc-AEC: = | I I
P=(1+An)P. @6) 5 % iLCARGOsuad =l L L
& % 1/ 1I-AEC: 0.4 prad = | ILC-AEC: 3.6 pm
: . . S VR aveteesa] 2 XTI LT
Assessing the robustness of the outer loop is more challenging & FEE 1 X ‘xxix%xXXx Z ’E _II;NEEE_; 0.7 um|
. . PP S ) S B HAAS Y T Se®E %=
due to the loss of direct frequency mapping resulting from 02 T T 0 1 20 08 T gfﬂ
the duty cycle. Let Apyr be defined as the multiplicative Inner-loop iteration j Outer-loop iteration i
uncertainty of the inner-loop dynamic J: (c) (d)
= (I + A . 47 Fig. 8. Learning progress of the II-AEC. (a) Compensation trajectory adapts
Ia ( + OUT)J “47) over 11 iterations. Line brightness indicates the iteration sequence, and the

. . L . reference r11 is marked with diamond markers. (b) Inner-loop iterations with
Using p-analysis for ILC [38], it is verified that the chosen ;7 = Ggpnr!! (dark red squares) are demonstrated by the evolution of ¢’

Qour achieves robust convergence against 1.5% uncertainty (blue lines), with line brightness indicating the iteration sequence. (c) Inner-

in the range 0-2 kHz and 50% uncertainty in the range 2- loop learning error converges after six iterations and reaches approximately
0.4 prad. (d) Deterministic cross-scan error reduces from 133 um to approxi-

10 kHz. Moreover, the singular value comparison in Fig. 7(d) mately 0.7 um after three outer-loop iterations of the II-AEC. In comparison,
indicates that lowering f,.; of Qoyr further improves the the ILC-AEC reduces the error only to 3.6 um.
outer-loop robustness.

Facet1 e Facet2 Facet3 x Facet4
Facet5 ¢ Facet6 * Facet7 +* Facet8

D. Comparison of ILC-AEC and II-AEC T 10—~ I _MCAEC e
. . = 5 5 290t otot st
Conventional ILC treats the control reference  as equivalent = 0f--§ { § &3 Fhae ke £ & ¥ 3'%’-"-:- -

) . - > 5 RLFFF S S SEPEY PR T LE R

to the measured output ¢, thereby neglecting sensor dynamics <1-10 L L : J

in AEC for PM-based scanning systems [2]. This results in : 2 aec?

a mismatch between r and the true output ¢, particularly in B 1g S S S

high-speed operation, which internal sensing cannot detect and ~ g [T ERe 90t BOGeVeY fi‘jﬁ a

static calibration cannot eliminate. The II-AEC incorporates <4-10 L : i : J
0 0.1 0.2 0.3 0.4 0.5

a dynamic sensor model to reshape the control reference
from r to r’, thereby compensating for the non-collocation
sensing e.n.'or' It further eXP]OltS the Conesponder,lce between Fig. 9. Measured deterministic cross-scan errors with ILC-AEC (top), and
laser position y and the mirror angle ¢ to establish an outer i 1-AEC (bottom). Different markers correspond to the PM facets.
loop that eliminates both model and calibration errors. The

outer loop operates with the equivalent control reference and

measurement pair (ys, ¥,). A. Cross-scan error reduction with I[I-AEC

Print plane X axis [m]

Fig. 8(a) shows the updating progress of the compensation
trajectory 7 in the outer loop. The line color transitions from
dark red to light yellow, representing iterations from O to

The designed II-AEC is implemented on the PM-based SLA 11, while the final trajectory ! is marked with diamonds.
with an inner-loop iteration count NV,,, = 19 and an outer-loop  Although the trajectory is updated throughout the iterations,
iteration count IV,, = 11, selected to be sufficiently large for the segments corresponding to the .7y windows remain nearly
both loops to converge before iteration stops. The achieved unchanged after the initial interpolation in 7.
performance is evaluated based on the residual cross-scan error The inner-loop iterations for 711 are illustrated in Fig. 8(b),

and compared to the state-of-the-art ILC-AEC [2]. where ¢ from the FSM internal sensor is plotted against the

IV. EXPERIMENTAL VALIDATION
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TABLE III
PRINTING PRECISION OF PM-BASED SCANNING SYSTEM
Cross-scan error in RMS NO AEC ILC-AEC [2] II-AEC
[um] [um] [um]
Non-deterministic 3.3 um 3.3 um 3.3 um
Deterministic* 133.0 um 3.6 um 0.7 pm
Print precision 133.0 yum 4.8 um 3.3um

*Measurement stage precision 0.5 um (1o)

reference 7 = Ggpnr!' (marked by squares). From the 0
to the 19*" iteration, the tracking signal ¢’ converges to 77,
demonstrating successful learning. This learning progress is
further confirmed by the root-mean-square (RMS) tracking
error in Fig. 8(c), which drops to approximately 0.4 prad after
six inner-loop iterations. The outer-loop learning progress is
evaluated based on the deterministic cross-scan error Ay,
as shown in Fig. 8(d). The outer loop converges after four
iterations, and the learning is stopped after 11 iterations. The
RMS deterministic cross-scan error is reduced from an initial
133 um to approximately 0.7 um, making the II-AEC over
five times more effective than the ILC-AEC and achieving
an overall reduction of nearly 200-fold.

In contrast, the ILC-AEC estimates the compensation tra-
jectory from system calibration [2], effectively given by
r = interpl (ton, LouT Ayo, tpar). As it does not account for
sensor non-collocation, no outer-loop update is performed. For
a fair comparison, the ILC-AEC is also iterated until conver-
gence, resulting in a residual tracking error of approximately
0.6 urad, as shown in Fig. 8(c). This higher error compared
to the II-AEC inner loop is attributed to the absence of the
filter Qoyr in shaping the trajectory. The ILC-AEC reduces
the RMS deterministic cross-scan error to 3.6 um.

The measured residual cross-scan errors for the cases with
ILC-AEC and II-AEC are presented in Fig. 9. Because ILC-
AEC does not correct for sensor non-collocation, a significant
portion of the deterministic cross-scan error remains due to the
internal sensor dynamics of the FSM. II-AEC addresses this
issue, resulting in a notable improvement in printing precision
across the full scan range.

Tab. III summarizes the printing precision of the PM-based
scanning system, evaluated by the RMS of the combined
deterministic and non-deterministic cross-scan errors. By im-
plementing II-AEC, the RMS cross-scan error is reduced to
3.3 um, representing a factor-of-40 improvement compared
to the uncompensated system and a 31 % improvement over
the ILC-AEC case. After reducing the previously dominant
deterministic error, the residual error is primarily due to
non-deterministic sources, including 2.2 ym FSM disturbance
(measured with the external PSD with the static PM config-
uration; Fig.4(b)), 0.2 um frame vibrations (authors’ previous
work [33]), and possibly 2-5um PM bearing vibrations [1]. A
detailed examination of these sources, while beyond the scope
of this study, will be pursued in future work.

B. Print accuracy and uniformity

By moving the Y-stage, a two-dimensional pattern can be
printed on the CMOS sensor. Fig. 10(a) shows "TU WIEN’

ILC-AEC __ II-AEC__g0s  -03ymweimsge 0.3 prities
T 1|y [y —p T ‘
cENEL- : ==
20 Iaysll o ol o
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Fig. 10. Print evaluation of the PM-based scanning system. (a) "TU WIEN’
logo is printed on the CMOS sensor at = 0.25 m, with a nominal line-to-
line distance of 15 um in the Y-direction. The prints obtained with ILC-AEC
and II-AEC are depicted on the left and right, respectively. (b) Center cuts of
the prints highlight the differences in exposure uniformity between the two
AEC approaches. (c) Measured exposure intensity profiles along the cross-
section are compared with simulated profiles (black dashed lines)

logos printed at * = 0.25 m with a line-to-line distance
dp—y, of 15um. The acquired images for both the ILC-AEC
(left) and II-AEC (right) cases are shown, with the color
bar indicating the normalized exposure energy received by
each pixel on the CMOS sensor. Enlarged views of selected
areas (D to (3) highlight differences in detail reproduction.
While both approaches yield a recognizable reproduction of
the target pattern, the II-AEC-enabled system demonstrates
superior print accuracy. Specifically, smoother curves in the
letter "U’ (D) and sharper peaks in the letters "W’ (2)) and
N’ (@) are evident.

In the ILC-AEC-enabled print, a repetitive grid pattern can
be observed in the Y-direction, as shown in the zoomed-in
view of area (4) in Fig. 10(b). This periodic pattern is less
pronounced in the II-AEC case (area (5)). To quantify this,
cross-sectional intensity profiles along sections A-A and B-
B are plotted in Fig. 10(c). The standard deviation of the
intensity along these cross-sections is orpc—apc = 0.13
and o7r_apc = 0.07 for the ILC-AEC and II-AEC prints,
respectively. Simulations of a Gaussian beam scanning in the
Y-direction (dashed black lines) confirm that the periodic
intensity fluctuations in the ILC-AEC print originate from
residual deterministic cross-scan errors. By significantly re-
ducing these errors, II-AEC eliminates the periodic fluctuation,
resulting in uniform exposure.

To further evaluate printing quality, single-layer samples
were printed using a commercial photosensitive resin (3D
Printing UV Sensitive Resin Basic, ANYCUBIC Technology
Co., Ltd., Shenzhen, China), following the process described
in [2]. "TU WIEN’ logos were printed at three positions along
the X-axis (z = 0.10, 0.25, and 0.40 m), each measuring
19 mmx 15 mm. Figure 11 shows microscopic photos of fea-
tures corresponding to areas (1) and (3), taken in reflected-
light mode. With II-AEC, the prints consistently exhibit high
feature fidelity across all positions; for example, the sharp peak
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Fig. 11. Single-layer printed samples produced by the PM-based SLA with
the ILC-AEC (top) and II-AEC (bottom). The samples are acquired at three
representative locations across the scan range. Microscopic photos highlight
the detailed print quality for selected regions, focusing on the letters *U” and
N’ to illustrate fidelity and consistency across the field.

in the letter N’ remains well-defined. In contrast, the ILC-
AEC prints display variability in feature sharpness, indicating
inconsistent printing precision.

In the reflected-light images, darker regions correlate with
increased surface height variation, as less light is collected by
the microscope’s objective lens. For prints acquired with the
ILC-AEC, the most pronounced surface non-uniformity occurs
at the center of the scan range, which reflects the intensity
variation measured by the CMOS sensor. By reducing the
deterministic cross-scan error, and hence the intensity vari-
ation, the II-AEC approach achieves single-layer prints with
improved surface uniformity. The remaining surface variation
is attributed to non-deterministic cross-scan errors.

C. Discussion

For the PM-based SLA, the proposed II-AEC further ad-
vances the state-of-the-art ILC-AEC achieving a printing pre-
cision of 3.3 um and ensuring surface uniformity. However, a
key limitation of the II-AEC is its reliance on offline measure-
ments, which confines its corrective capability to deterministic
cross-scan errors. Consequently, the achievable precision is
ultimately bounded by the system’s non-deterministic errors.
The residual deterministic error arises from two sources: mea-
surement system inaccuracies and residual learning error. At
higher PM operating speeds, the learning bandwidth becomes
more limited, which increases the residual learning error and
consequently degrades overall scanning precision.

Both iteration loops of the II-AEC are executed offline, and
the computational burden is limited to a single linear matrix
calculation of size N x N for each outer- or inner-loop iteration
step. The implementation is, however, bottlenecked by data
acquisition: each inner-loop iteration takes a few seconds,
whereas each outer-loop iteration takes approximately 1.2
hours. This duration is dominated by repeated image captures
at multiple locations needed to extract deterministic scan-line
positions with high precision. Using multiple imaging sensors
or faster laser-position measurement hardware, such as a PSD,
could reduce the outer-loop iteration time to a few minutes,
thereby improving the practicality of II-AEC for routine or
periodic calibration in PM-based scanning systems.

In summary, an image-based iterative active error compen-
sation for a polygon mirror-based stereolithography system has

been designed and implemented, achieving uniform and pre-
cise printing at high speeds. The performance is demonstrated
by projecting images on a CMOS sensor and printing single-
layer samples on photosensitive resin.

V. CONCLUSION

In this paper, image-based iterative active error compensa-
tion is proposed for polygon mirror-based scanning systems,
improving printing precision and uniformity. The AEC uses
an FSM to reduce deterministic cross-scan errors of the scan-
ning system but suffers from sensor non-collocation errors,
causing FSM angle deviations and resulting in imperfect
compensation. These angle deviations can be evaluated using
position measurements of the scanning laser and added to
FSM control. However, this introduces non-linearity in the
control loop due to the time-varying gain and duty cycle
associated with the PM-based scanning system. The II-AEC
tackles this challenge with cascade learning control, where the
learning and updating filters are designed to balance learning
convergence and performance. By implementing the II-AEC in
a PM-based SLA, the deterministic cross-scan error is reduced
to 0.7um from the initial 133.0um. The SLA with II-AEC
achieves a printing precision of 3.3 um, equivalent to a 40-fold
improvement compared to the uncompensated SLA, advancing
the state-of-the-art ILC-AEC by another 30%. The precision
improvement is demonstrated by pattern projection on CMOS
sensors and high-fidelity single-layer resin prints.

Beyond SLA, the proposed II-AEC can be integrated as
a calibration procedure to a wide range of applications that
utilize PM-based scanners, such as laser machining, LiDAR,
and scanning microscope, where enhanced scanning accuracy
is necessary. Furthermore, the image-based learning algorithm
underlying II-AEC can be extended to other scanner types,
such as galvanometer scanners, which face similar challenges,
including sensor non-collocation and limited duty cycles.
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