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ABSTRACT KEYWORDS

Advances in astronomy led to the demand for measuring the spectra of  Fiber positioner; control;
multiple night sky objects simultaneously. Some of these Multi-Object  calibration; multi-object
Spectrographs use robotic systems that position optical fibers in the focal Sped”’g’aphf MOs; massive
plane of the observing telescope. These systems rely on precise fiber place- spectroscopy; metrology;

. d I he liah £ fai d laxi H characterization; position;
ment in order to collect the 19 t Spectra of faint stars an galaxies. rere, calibration; validation;

we present how to design, control, and operate micro SCARA-like robots SCARA robot
to position optical fibers to micrometer precision. As an illustrative

example, we show the design and performance results of the SDSS-V fiber

positioner, which has been build for the Apache Point Observatory and

the Las Campanas Observatory with 500 units for each telescope.

1. Introduction

The light spectrum emitted by stars, galaxies, and quasars contains an abundance of information
for astronomic research. Properties such as chemical composition, distance, luminosity, tempera-
ture, and other parameters can be derived from the analysis of the spectrum of the objects. In
recent years significant efforts have been made to develop telescopes that can measure a signifi-
cant number of light spectra in parallel’®" With these telescopes, called Multi-Object
Spectrographs, astronomers try to measure a maximum of targets in parallel, in order to study,
for example, the mystery of dark energy, the history of the milky way, or the evolution of super-
massive black holes. Different solutions to capture the light of multiple galaxies, quasars and stars
in parallel exist."*"'*) One promising approach is to use optical fibers (Figure 1). A section of the
night sky is projected onto the focal plane of an earth-based telescope. The spectrum of a star or
galaxy is then measured by placing an optical fiber on the corresponding spot in the focal plane.
The optical fiber transmits the captured photons to the spectrograph, which measures the light
spectrum with high resolution. After the measurement, the fiber can be repositioned to a new tar-
get. In order to measure many targets in parallel, the number of fibers is maximized. The correct
placement of the optical fibers can be achieved with miniature SCARA Robots!">">*! (Figures 2
and 3). These robots have two serially actuated rotation axes (o and f3), which position the fibers
with micrometer precision on the focal plane. The standard forward and backward kinematic of
the planar RR part of SCARA robots applies:

B AN cos (o0 + o) cos (o0 + oot + )
Tiarget = P(ﬁ) = Teenter l“( sin (o + otof) ) + lb( sin (o0 + ot + f) )
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Figure 1. Principle of multi-object spectroscopy (adapted from'}).
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The vector ry,g; represents the x, y coordinates of the target in the focal plane, and has to be
defined within the workspace of the positioner. The vector r.., points to the center of the pos-
itioner and a4 is its orientation with regards to the reference frame of the focal plane. The arm
lengths I, and [, as well as the rotation angles « and f are defined as shown in Figure 2. In this
paper, we use a bold 0 to represent the angular orientation (o and f5) for both axes. 0 represents
a general substitute for either of the two axes.

The main challenge consists of respecting the maximal allowable positioning error. Misplacing the
fiber in the focal plane leads to a loss of light. Typically, the used fibers have a light-transmissive core
with a diameter of about 100 pm. The maximum allowable x, y positioning error is telescope specific
and depends on the fiber core diameter and the size of the object in the focal plane. The positioning
requirement is in general around 4% of the actual core diameter.!””! Table 1 shows the maximal
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Figure 2. Sketch of the fiber positioner of the SDSS-V project with rotation axis o and  with arm lengths /, and /. The optical
fiber (blue) is fixed at the end of the beta arm. (adapted from2%Y).

[15])

Figure 3. Left: overlapping workspace, Right: robot distribution in the focal plane (adapted from

Table 1. Overview of alpha-beta positioners.

Alpha Beta Pitch Abs. position Metrology
Positioner Units [mm] [mm] [mm] requirement Actuation System Year
LAMOST™ 4000 8.25 8.25 25.6 40 [um] max Stepper Yes 2012
MEGARAB28! 92 5.803 5.803 20.1 102 [um] max Stepper No 2017
DES|!19:20:29,30] 5000 3 3 104 5 [um] max BLDC Yes 2020
SDSS-V 2 % 500 74 15 224 5 [um] max BLDC Yes 2020
MOONS!/ 1631 1001 8 17 25 20 [um] max Stepper Yes* 2020
COBRA!'7'8 2400 2375 2.375 8 5 [um] max Piezo Yes 2020

*not intended to be used during observations.

allowable position error requirement for all commissioned or planned instruments with alpha-beta
positioners to date. Note that SDSS-V has the most stringent angular requirement of the actuator due
to the low position requirement of 5 um combined with a long stretched out arm length of 22.4 mm.
The table shows also that alpha-beta instruments with stringent position requirement below 20 um are
either still in commissioning phase or in construction as of 2020.

Without a dedicated metrology system for repositioning, both, a good repeatability and an
absolute position accuracy of the positioner are needed to guarantee the positioning requirement
of the instruments. This is the case for MOONS and MEGARA with a positioning requirement
of 20 and 102 pm, respectively. The other listed telescopes use a metrology camera to verify the
correct location of the fiber tips.?*?%*? One or more cameras take a picture of the entire focal
plane, and image processing software determines the accurate position of every fiber tip. These
measurements can then be used to correct for the uncertainties in the positioner model.



56 L. KRONIG ET AL.

Camera

Integrating sphere
with LED

Figure 4. A robot is set up with an optical fiber that is back-illuminated with a LED. An integrating sphere ensures an even
intensity distribution of the light exiting the fiber tip. A camera positioned in front of the positioner takes an image of its work-
space and image processing calculates then accurately the x, y location of the fiber end by determining the center of the meas-
ured light spot.

Therefore, the absolute positioning error is only limited by their repeatability, allowing for more
stringent error requirements.

For our measurements, we used a similar metrology system already introduced in previous
work?*#3! (Figure 4). A robot is set up with an optical fiber that is back-illuminated with a LED.
An integrating sphere ensures an even intensity distribution of the light exiting the fiber tip. A
camera positioned in front of the positioner takes an image of its workspace and image process-
ing calculates then accurately the x, y location of the fiber end by determining the center of the
measured light spot. This set up is used to calibrate the positioner, assess its performance, and
emulate its operating mode in the telescope.

In the following, we show how a high positioning accuracy can be achieved by design, control,
and calibration without the need for bulky angular encoders. We also introduce a collision detec-
tion algorithm based on the derived controller. As an example, we show the design and perform-
ance results of the SDSS-V positioner build for the 2.5m Sloan Telescope at the Apache Point
Observatory in the USA and the 2.5m Irénée du Point Telescope at the Las Campanas
Observatory in Chile with an alpha and beta arm length of 7.4 and 15mm, respectively
(Figure 2) with 500 units for each telescope.

2. Positioner

In this section, we show the positioner’s design aspects, the physical behavior and some measure-
ment results validating the model.

2.1. Design

Figure 4 shows the distribution of the robots in the focal plane. The pitch p is defined as the dis-
tance between the centers of two neighboring positioners. The positioners are densely packed.
The total number of required optical fibers defines how to distribute the positioners, and how to
choose the alpha and beta arm lengths. A hexagonal distribution pattern allows us to maximize
the available space for the mechanical design of the positioners. The workspaces of the units can
overlap, so that multiple positioners can reach a single target. SDSS-V has 500 fibers feeding the
BOSS spectrograph (wavelength range: 0.36-1.04 um) and 300 fibers for the APOGEE spectro-
graph (wavelength range: 1.51-1.70 um). That means that a subset of 300 positioners is equipped
with both fibers. The goal is to choose the arm lengths such that full coverage is possible for
both fiber types. In general, a full coverage of the focal plane can either be reached by choosing
an equal length for both arms (/,=1,) or by ensuring that every positioner can reach the center
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Figure 5. The figure shows how many fibers can reach a certain location in the focal plane. Here, the arm lengths are chosen
such that every positioner can reach the center of its neighbours (p = I, + Ip). Left: coverage if every positioner is equipped with
one optical fiber. Right: coverage if only every second positioner is equipped with an optical fiber. (adapted from™”)).
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Figure 6. Cross section of the fiber positioner. A close up of the beta axis shows the preloaded bearings and the play reducing
torsion spring.

of its neighbors (p=1,+ 1,).27) SDSS-V chose the second option for its 500 positioners
(Figure 5) because it allows us to almost reach full focal plane coverage for either kind of fiber.
Between two observations, the optical fibers move to the new target galaxies or stars, whereas the
arms of neighboring robots should not collide. Careful path planning, with collision avoidance
algorithms, prevents clashing of the positioners.**”) As the robots are limited in diameter, the
available space in length is exploited. Figure 6 shows a cross-section of a single positioner. The
fiber is fixed on the beta arm and guided through a hollow rotation axis of the alpha arm. This
guidance allows for minimizing the bending of the fiber to prevent light throughput loss.

A challenge of the design is not only the high position accuracy but also the correct alignment
of the fibers, since a misalignment of the fiber tip also induces a loss of light. The alignment axis
of the fiber tips should point to the common focal point of the focal plane. Design and manufac-
turing tolerances guarantee the correct fiber alignment, and the alignment is, therefore, not
actively controlled. Ball bearings guarantee the strict alignment of the rotation axes. The ball
bearings are spaced so far apart that manufacturing tolerances have a negligible effect on the cor-
rect axis alignment. Additionally, the ball bearings have to be preloaded in order to prevent wob-
bling and to ensure that the axes run in a perfect circular motion. During an observation, the
robots do not move. The whole telescope, on the other hand, moves to compensate for
the rotation of the Earth. This tracking leads to a rotation of the gravity vector, which acts on the
positioner. Therefore, a stiff positioner design prevents the flection of the positioner due to its
self-weight or other external disturbance forces.
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High precisions can be achieved with a precise sensor at the output shaft of the rotation axis.
However, for this specific application with limited available space, no such affordable sensors
with high enough accuracy exist. An angular resolution of about 0.02 degrees with an actuator
diameter of not more than 4-6 mm is needed. Here, instead of a sensor, the reduction gear guar-
antees the positioning accuracy. An angle inaccuracy on the motor side is divided by the reduc-
tion ratio and yields a much smaller angular error at the output. The positioning accuracy is,
however, limited by a not constant reduction ratio, play, and the compliance of the gear. The
reduction is chosen such that the required precision at the output shaft is reached. For example,
with a motor inaccuracy of 5 degrees and a required precision at the output shaft of 0.01 degrees,
a reduction ratio of minimum 1:500 is needed. Furthermore, the ratio is chosen such that the
gear is not back drivable through externally applied forces and torques.

In order to guarantee a stable position, the output of the gear must not have any play. As the
workspace is not more than one full rotation at the gear output, a torsion spring can eliminate
the play, such as shown in the close up of Figure 6. The torsional stress cannot be maintained all
the way to the motor since it would render the gear back drivable. A combination of friction and
decrease in torque due to the gear reduction results in the elimination of the play only for the
last reduction stages. Therefore, a small play persists in the first stages after the motor. The tor-
que of the spring must be stronger than the external disturbance forces and, at the same time,
smaller than the total friction of the gear.

Finally, attention must be paid to keep the cross-sectional area small, as the number of fibers
is fixed for a given size of the focal plane (Figure 4). The focal plane of such telescopes has a
diameter of about 1000 mm, with a fiber density between 500 and 5000 fibers per plane. The
maximum pitch p lies, therefore, between 7 and 25 mm. For future telescopes, the fiber-density
will likely increase, and robots with even smaller cross-sectional areas will be required.

2.2. Drivetrain model

One rotation axis of the positioner can be modeled, such as shown in Figure 7. A brushless DC
motor acts with torque T,,,,, on the rotation axis with motor inertia J,,,, The motor shaft
drives the reduction gear, which consists of serially linked reduction stages. A cogwheel pairing
represents the model of each reduction stage with backlash B; friction F;, compliance k;, Inertia J;,
and a reduction factor n;. The gear drives the output inertia J,,, with angle 0 which also receives
a torque by the torsion spring. The torsion spring closes the backlash for the last reduction stages,

Figure 7. The drivetrain model of one axis is depicted. The motor torque T, acts on the rotation axis with motor inertia
Jimotor- The motor shaft drives the reduction gear, which consists of serially linked reduction stages. A cogwheel pairing represents
the model of each reduction stage with backlash B; friction F; compliance k;, Inertia J; and a reduction factor n;. The gear drives
the output inertia J,,, with angle 6, which also receives a torque by the torsion spring.



INTERNATIONAL JOURNAL OF OPTOMECHATRONICS . 59

Omotor Ggear

re f
]motor ]load ‘
B

Tmotor I I gears torswn

motor Ffrlctwn

Figure 8. The simplified drivetrain model is reduced to a two body system with inertias Jyotor and Jjpaq- The reduction gear is
represented with a single backlash opening B, friction F;ction, and compliance kgeq.. N represents the overall reduction ratio.
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and therefore we can simplify the model to a single backlash opening just after the motor. This
allows us to simplify the model further by grouping the inertia, friction, compliance, and reduc-
tion ratio of the reduction gear to a single inertia J;pq0, compliance kg, and friction Fpictaion. The
overall reduction ratio is denoted as n (Figure 8).

With the simplified model, we can distinguish between the two cases where the motor is
either within the backlash gap or where the gap is closed and the motor is in full contact with
the reduction gear. Equation 3 shows the equation of motion for the case, where the backlash
is closed. The motor can either be in positive or negative contact, whereas the motor angle
Opmotor is offset by the backlash B from the gear angle 0, in case of positive contact. Since we
assume that the gear is not back drivable, positive contact is maintained as long as the motor
output torque stays positive: Tyorr — Fmotor > 0. Idem applies for a negative contact:
Tmotor - Fmotor <0.

émotvr(]motor + ]loud) = Tmator - Fmotor - Ffriction - nktorsion(g - Href) - nText (33)
positive contact : Oporor = Ogear — B (3b)
negative contact : Opmotor = Ogear (3¢)

Once the motor transitions into the backlash, the system splits into two independent equations
of motion one for the gear and one for the motor. The system stays within the backlash as long
as |egear - emotor‘ < B:

Ogear]laad = _Ffriction - ”ktorsion(() - ()ref) — nTex (43)
emotor]motor = Lmotor — Fmotor (4b)

In any of the two cases, the angular position at the output depends on the gear ratio #, the
external disturbance torque T, and the total compliance k = Kgears + kiorsion Of the gear:
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Figure 10. Left: the figure shows the deviation Jy from a linear reduction ratio for the positive and negative gear contact. Right:
the figure shows the measured backlash in the planetary gear depending on the output angle 6.

0= ngar/n + Text/k (Sa)

2.3. Non-linear transmission and backlash

The reduction ratio depends on the radius and shape of the gear teeth pairing of each reduction stage.
The teeth radius and shape are slightly different for every tooth pairing, and hence, the reduction ratio
n depends on the angle 0. Additionally, the exact reduction ratio depends on whether the motor is in
positive or negative contact. Therefore the backlash B is likewise a function of 0. Neglecting external
forces T,,; we can define a function 7 which describes the relation between 0,,,,,, and 0. For a nega-
tive backlash contact, we define 0,510, = 7 —(0) = 1 - 6, and similarly 0,0,y = 7 (0) = n- 6 + B for
a positive contact. We can measure and calibrate the exact relation between 0,0, and 0 by driving the
motor to a fixed number of discretely spaced motor positions 0,1, and measuring the corresponding
output position 8 (see Figure 9). We use a linear interpolation to approximate any motor angles within
the measurement points:

0 "y N 5
) mtern oW for 0, < 0 < Oy (6)
05+1 - 95
For better illustration of this nonlinear behaviour, we can calculate the deviation 8¢ from a lin-
ear reduction with an average transmission ratio # :

op =T(0)/n—0 (7)

omotor = T(()) = bmotors + (0 - Ds

Figure 10a shows, as an example, the measured deviation for the positive and negative contact
cases with a total of 200 measurement points and an average reduction ratio of 1:1024. The vis-
ible peaks correspond to the 36 tooth pairings of the ring gear of the last reduction stage of the
planetary gear. Figure 10b shows the backlash depending on the output angle. It is obtained as
the difference between positive and negative contact B =7(8.9 — d_g). The Figure shows that
the backlash varies between 40 and 250 degrees on the motor side and does indeed depend on
the angle 0. The nonlinear transmission ratio stems from the mechanical manufacturing imper-
fections of the gears and is therefore slightly different for every gear.

2.4. Friction

A friction model, including static Coulomb and viscous friction, is sufficient to model the overall
friction in the gear:
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Figure 11. The Figure on the right shows the measured break away torque in positive and negative motor direction depending
on the motor angle. The break away torque is a superposition of Coulomb friction, cogging torque and the resistance of the tor-
sion spring.

Ffrictian = Ccoulambsg”(ggear) + Cviscousegear (8)

By commanding the positioner to a given motor position and then increasing the motor torque
gradually till the rotor starts to move, we can measure the break-away torque at this motor position. If
the motor is in gear contact, the break-away torque consists of the gear’s Coulomb friction, the motor
resistance torque F,,,,,- and the torque from the play-reduction spring Tipring = nk(0 — Oy) :

Tpa = Frnotor + Ccoulambsgn(ggear) + Tspring (9)

Note that the motor resistance torque F,,.;,, includes the motor friction and also the magnetic
reluctance (cogging) torque of the not powered motor. Since the friction Fj;yion in the gear is
much bigger than the one in the motor, we can neglect the friction in the motor, and therefore,
simplify that the motor resistance torque consists only out of the cogging torque (Fyotor = Teog)-
Hence, F,,,, is @ conservative torque such that:

360
JO FnotordOmotor = 0 (10)

Figure 11 shows the measured positive and negative break-away torque for one full turn of the
motor. The Figure shows that a higher torque is needed to turn the motor in the negative direc-
tion since it has to push against the torsion spring. Furthermore, both curves have a double
sinusoid, which reveals a cogging torque T, with two favorable positions per motor turn. One
full turn of the motor moves the output only slightly due to the reduction, and hence the torque
of the spring here is assumed constant. The superposition of torsion spring, Coulomb friction,
and cogging torque is apparent. By averaging the break-away torque over the full turn, we can
calculate the Coulomb constant and the local torque of the spring:

Tspring = (T+ba + bea)/z (11a)

Ceoulomb = Tera - Tspring (11b)
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Figure 12. Left: torque required to move the motor at a constant speed of 500 and +2000 rpm depeding on 0. Right: torque
required to move the motor depending on 6.
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Figure 13. The Figure shows multiple measurements of applying a torque of £11.8 mNm on the alpha and 1.4 mNm on the
beta axis.

Figure 12a shows the required torque to move the motor at constant speeds of +500 and
+2000 rpm over the whole output workspace. It shows that depending on the direction, the motor
drives against or with the torsion spring. The linear increase of the torsion spring is visible with
the highest torque at 0=0. Figure 12b shows the linear relation between required torque and
motor speed, confirming the viscous friction model.

2.5. Stiffness

The stiffness of the gear k is measured by charging the output of the axes with a negative and
positive torque and measuring the angular deflection with the metrology camera. Figure 13 shows
multiple measurements of applying a torque of £11.8 mNm on the alpha and +1.4 mNm on the
beta axis, which results in a stiffness of k = T,;/AO = 337 mMm/deg for alpha and 25 mMm/
deg for the beta axis.
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Figure 14. Left: the motor speed @)mm, reacts to a sudden torque change, the motor accelerates in about 15 milliseconds from
600 to 5600 rpm. Right: from the motor acceleration and applied torque the inertia of the motor is estimated.

2.6. Moment of inertia

The total inertia ] = Jyotor + Jioad is Obtained by integrating the force applied on the rotation axis
over a certain time and dividing it by the velocity change:

12

] _Jn (Tmotor - Fmotor - Ffriction - Tspring)dt

. (12)

Hmotom - Hmotom

Figure 14 shows how the rotor of the alpha motor accelerates due to a sudden torque change

from 70 to 490 uNm. It takes only about 15 milliseconds to accelerate from 600 to 5600 rpm. The

inertia of the motor is very small with 0.035 gcm?. Note that, the output inertia Jj,44 is negligible
compared to the rotor inertia /.., due to the large reduction ratio of 1:1024.

3. Control

Motion planning algorithms calculate the exact path the robots have to follow such that they do not
collide with each other and also make sure, that they end up at the correct assigned targets. From the
pre-calculated trajectories r.,,4(¢) the motor angles are obtained by:

Qmotar = T(P_1<rcmd)> (13)

3.1. Motor model

Three-phase brushless DC motors with a permanent magnet on the rotor drive each rotation axis
(Figure 15). The alpha axis motor has a diameter of 12mm, and the beta axis one has 6 mm,
respectively. The magnet of the rotor naturally tries to align itself with the magnetic field gener-
ated by the coils. The motor windings are in Delta connection with the following electrical model
for the three coils, whereas u is the voltage over the coil, R is the coil resistance, i is the electric
current in the coil, and 4 is the flux linkage of the coil.

Uap Rag O 0 ins i
upc | = 0 Rpc 1 inc | + I (14)
Uca 0 0 RC A lCiA

e
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Figure 15. The figure shows the Delta configuration of the electric motor. Every phase is connected to an H bridge which can
apply either zero or ug volts. Three synchronized PWM signals drive the three motor phases in order to generate a rotating mag-
netic field.

Here, we assume that the stator windings have a sinusoidally distributed magnetomotive force
and that magnetic saturation is neglected. The vector A represents the flux linkages of every coil:

Sin (()motor) R
A=1Li + )L,PM =Li+ ;LPM sin (Qmomr + 120 ) (15)
sin (Opmoror — 120°)

Whereas the matrix L contains the self and mutual inductances. The coil inductances do not
depend on the rotor position since the rotor consists mainly of the dipole magnet with a reluc-
tance similar to air, which means that the activated coils do not induce a reluctance torque. Apy
is the sinusoidal flux linkage of the permanent magnet. The torque is obtained with the co-energy
method,"® with the number of poles equal two:

o (lg.. .
Tmomr = W (2 lTLl + IT)\,PM> + Tcgg (16)
motor

These small motors with ironless windings have a very low inductance compared to the mech-
anical time constant. Therefore, we can simplify Equation 14 and assume an instantaneous cur-
rent for a given applied voltage over a coil:

UAB — )vPMemotor cos (Gmotor)
Rap

iap = (17)

A pulse width modulation (PWM) controls the voltage applied to every phase. The three
PWM signals are timed, such that a directional magnetic field is created. Figure 15 shows the cor-
rect symmetric timing of the PWM signals. The waiting time £,, controls the average intensity
of the generated magnetic field Ag.y and the relative duty cycle differences during 4.4 control
the correct field angle Ofq. The duty cycle of the PWM signal is proportional to the average
applied voltage on one phase and can range between a tension of zero and u,. A directional
magnetic field is created with duty cycles such that the average voltages correspond to:

ug = 0.5 tma - (1 + cos (Ofieta + 120°)) (18a)
Uug = 0.5 - tgma - (1 + cos (0fa — 120°)) (18b)
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uc = 0.5 tepa - (1 + cos (Ofeia)) (18c¢)

Whereas u,,,; controls the intensity and must lie between 0 < g < ug.. The voltage applied
to one coil is, therefore, e.g. usp = up — us. We can finally calculate the applied mechanical tor-
que depending on ucg, Ofieig and 0,44, by inserting Equations 17 and 18 into 16 and further
simplifying that Ry, = Ry = R, = R :

3puipm V3

Tonotor = 4R 2 Ued SIN (Hﬁeld - emotor) -

3pniem ,
P4RPM /LPMgmotor +Tcog (19)

v

! rotor Fpemr

The torque can be divided into three parts. The first T’, , = depends on u,,, and also the dif-

ference between Oy and 0,01, This torque tries to align the magnet with the generated mag-
netic field since it is maximum for |Ofeis — Opmoror| = 90 and is zero for Ofeiq = Oporor. The second
part is due to the back electromotive force (BEMF), which depends on the motor speed and
behaves like a viscous friction torque. The last one is the cogging torque which has already
been introduced.

3.2. Controller

In order to cover the whole workspace of 360 degrees at the output, the motor has to perform
1024 full turns. The absolute position is retained in the microcontroller with a counter, which
increases or decreases when the motor performs a full turn. The motors are either commanded
in an open or closed-loop control. In open-loop control, the motors are driven with a high volt-
age U.y,g such that the magnet of the rotor follows the magnetic field vector closely. We can
assume that Ofeig ~ 0,0r0r, since the inertia seen by the motor is relatively small. The advantage
of the open-loop control is that no sensor is needed. The disadvantages are that much energy is
lost to heat and that the motor can slip a turn without noticing. This happens when the motor
torque is not strong enough and the rotor does not manage to follow the rotating magnetic field
resulting in a wrong motor turn count.

The energy efficiency increases with the angular offset between Ojig and 0,0, and reaches its
maximum at 90 degrees. The closed-loop control maintains this 90 degrees angular difference by
using hall sensors. The intensity of the torque is controlled by adjusting ., and its sense of
rotation by setting the commanded field difference to +90 degrees of the rotor position:

Uemd X T (20a)

motor

eﬁeld = Hmotor + Sgn(Tmotor) ' 900 (20b)

We can implement a closed-loop PI controller acting on ., since u.,, is proportional to
T ..or- The BEMF and cogging torque is compensated with a feedforward command. Other feed-
forward compensations include the friction torque Fpicion, play reduction spring Ty, and iner-
tia J:

t
T/motor = KP(Q%?W - efrjztor) + K; JO(QZZ’?W - efflgtor)dr feedbaCk (21a)
o cmd
+ Tcog + Fpemr + Ffriction + Tspring + ]0;”;{0" feedforward (21b)

- cmd - cmd

Tpa (Hinwtl)far) +ctot0 otor +70 motor

Note that the feedforward compensation terms all rely on the commanded position, speed,
and acceleration generated by the path planning. Therefore, no noisy derivated sensor measure-
ments are used. The position dependent term is the break-away torque T, as introduced above.
The second term ¢, consists of the viscous friction and BEMF and depends linearly on the
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Figure 16. The upper part shows the commanded path for the beta motor. It consist of three ramps with constant speeds (200,
1800, and 2000 rpm) in positive and negative direction. The lower image shows the error between commanded and measured
position for different implemented controllers following the path.

motor velocity. Finally, the last term is the compensation of the total inertia J. Limits in the path
planning algorithm make sure that the maximum acceleration and speed are within the specified
boundaries. The feedback term generated by the PI controller only depends on the difference of
the commanded position and the measured position by the hall sensors. The PI terms correct
only the model uncertainties since the feedforward term contains the positioner model. Figure 16
shows the controller performance of the beta motor as a performance example. The upper part of
the figure shows the commanded path, which consists of three ramps with constant speeds (200,
1800, and 2000 rpm) first in positive and then in negative direction. The lower image shows the
error between commanded and measured positions for different implemented controllers which
followed the path. The worst performance is obtained with the open loop controller with a track-
ing error up to 55 degrees. With the feedforward control, the tracking error can be lowered down
to 15 degrees. The figure shows also how the feedforward control performance decreases when
either the linear speed, break-away, or inertia compensation is omitted.

With the feedforward control, we can also detect possible collisions between adjacent position-
ers or malfunctions. When a collision happens, the external torque T,,, raises, which the PI con-
troller tries to counteract. Therefore whenever unmodelled perturbations make the feedback term
raise over a certain threshold, a collision is detected, and the positioner stopped. With a sampling
frequency of 2000 Hz, a collision can be detected in just a few milliseconds. The collision detec-
tion condition is given when:

Kp(6 e%w+mjwm — Ornsor )7 > Tavesho (22)

motor motor motor

The threshold Tijesn01a corresponds to the additional torque the controller has to provide to
overcome all unmodelled perturbations. This threshold should be chosen such that no false colli-
sions are detected due to uncertainties in the model parameters. For this we can examine the
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Figure 17. Three targets spaced by 1 um are sequentially approached. Every target is revisited 300 times. Left: for the alpha axis
one micrometer difference between the targets corresponds to 7.7 degrees at the motor with a lever of 7.6 mm (folded configur-
ation) Right: for the beta axis one micrometer difference between the targets corresponds to 3.9 degrees at the motor with an
arm length of 15 mm.

maximum angular tracking error A@ = 074 — %! at which the torque threshold detects a col-

lision. The angular error range in which a collision is detected depends on the the anti windup
term Tj_uax = K [ ABdt of the integrator:

ABcallfmin = (Tthreshold - Tlfmax)/KI (233)
Agcoll—max = (Tthreshold + TI—max)/KI (23b)

Irrespective of the actual value of the integrator term, a collision is detected when the tracking
error AO is between AO.y_min and AOy_mex. Figure 16 shows that the closed loop controller
keeps the motor tracking error to within 20 degrees for any commanded speed and acceleration.
The torque threshold and the anti-windup can now be derived by choosing A0.oy_min to be higher
than the 20 degrees error with a certain margin. This guarantees that no false collision detection
occurs. For example with a AOgy_min 0f 120 degrees and a motor speed of 2000 rpm the max-
imum time till a collision is detected is 16 milliseconds, if we neglect the anti-windup term.

3.3. Positioning precision

The stringent positioning requirements must be met during the target observation when the pos-
itioner is at a standstill. In order to guarantee high standstill precision, the approach trajectory of
Omotor to the target is crucial. A negative approach to the target assures excellent repeatability
since the motor moves against the torsion spring and closes, therefore, all backlash in the gear.
By placing the calibration camera close to the positioner and zooming in to the back-illumi-
nated fiber, we can significantly increase the position measurement precision of the camera
(Figures 3 and 17) in order to assess the placement precision of the two axes. Figure 18 shows
approach moves to three different targets separated by 1 um for the alpha and beta axis. For
every axis, the motor is commanded to the three positions sequentially. After each move, the
camera takes an image to verify the position. Every position is revisited 300 times. For the alpha
axis, the one micrometer difference between the targets corresponds to 7.7 degrees at the motor
or 0.0075 degrees at the output with a lever of 15-7.4=7.6 mm, since the positioner was in a
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Figure 18. Two measurement setups of the camera (Figure 3) are used. The first has the camera placed very close to the pos-
itioner such that only a small fraction of the robot’s workspace is visible. In addition, several images are averaged before the cen-
troid is calculated. This leads to good measurement repeatability of 7101 nm RMS shown on the left. This set up has been used to
create Figure 17. The Figure on the right shows the measurement repeatability of a static fiber with the camera placed such that
the whole workspace is visible with an RMS repeatability of 669 nm. All other measurements have been obtained with this
second set up.

folded position for the measurements. One micrometer position difference corresponds to 3.9
degrees for the beta motor or 0.0038 degrees at the gear output with a lever of 15 mm. Note that
the angular difference is smaller than the calibrated backlash, and therefore the positioner per-
forms a back and forth movement of 840 degrees at the motor to go from one target to the next.
This makes sure that the approach move is bigger than the backlash and therefore the backlash
gap is fully closed. The Figure shows that the rms repeatability for both axes is below 170 nano-
meters and that targets separated by 1 um can well be distinguished.

The measurements are taken in a temperature-controlled room with minimized airflow. Figure 17a
shows the measurement repeatability of a static fiber with the same camera set up. It shows that a sig-
nificant fraction of the error comes from the metrology system. The rms repeatability of a static fiber
is 101 nm compared to about 160 nm for the alpha and 130 nm for the beta placement.

4, Camera feedback

In order to reach a target galaxy or star riggs, the motors are commanded to the correct angular pos-
ition according to (where repg, = Tiarger):

0 — T(P (toma)) (24)

motor;

The absolute position accuracy depends mainly on the exactness of the calibrated positioner
parameters, such as arm lengths and non-constant reduction ratio. As well as how closely the
introduced model describes the behavior of the positioner. Some telescopes require a good abso-
lute position accuracy since they do not have a metrology system that verifies the correct fiber
placement before observations. Other telescopes have a dedicated metrology system which con-
sists of one or several cameras observing the focal plane and which can determine accurately the
x, y location of the fiber end. In this section, we show how the metrology system can be used to
further decrease the positioning errors of the robots iteratively and how the model parameters
can be calibrated in the focal plane.
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Figure 19. Left: the figure shows the workspace of one positioner and the arm configurations needed to reach a set of targets.
The targets are distributed over the whole workspace. Every target is approached first without any camera feedback (blind
move) with terminal motor angles obtained by Equation 24. After the blind move, nine camera correction moves were executed
with updated commanded target positions according to Equation 25. This procedure was repeated five times for every target.
Right: the figure shows the error between target and measured positions for every move. Move one represents the blind move
with an RMS positioning error of 10.36 um. After only two camera corrections (move three) the RMS positioning error is
decreased to 1.12 um. Note that for every move the final approach to the target is against the torsion spring to close all backlash
in the gear.

4.1. Precision iterations

For precision iterations, the positioner first drives to a target without feedback from the camera
system (called blind move). Then the fiber gets back-illuminated and the camera takes a picture
to determine its position. With the error between the measured and commanded position, the
commanded position is updated according to Equation 25, and a small correction maneuver is
executed with updated motor commands (Equation 24). This procedure is repeated until the
required precision is reached.

Ari = Yemd;, — Ymeas; (253)
Yomd,,, = Yemd, + Ar; for i>1 (25b)

Figure 19a shows a set of 244 targets distributed over the whole workspace and its correspond-
ing arm configurations. Every shown target was approached 5 times, plus nine correction moves
per approach. Figure 19b shows the corresponding measured RMS positioning errors for every
move. It shows that the first/blind move has a measured positioning error of 10.36 um RMS over
all targets. The positioning error decreases until it settles around 0.9 um RMS. The repeatability
of the positioner and the measurement repeatability of the camera limit further improvement.
The most significant limiting part here is the camera repeatability, which is shown in Figure 17b
with 669 nm RMS.

4.2. In focal plane calibration

Once the positioners are installed in the focal plane, the metrology system can calibrate the exact
location reenrr and orientation o4 of every positioner. The positioners are densely populated and
cannot freely move without risking a collision with their neighbors. Therefore, correct path plan-
ning ensures that there is a larger safety zone around the moving arms during calibration. Every
positioner is driven to different arm configurations with axis angles 0;. A least-squares optimiza-
tion minimizes then the difference between measured r,.q;, and modelled fiber positions rig, in
order to find the parameters l;, Iy, Teenters and oop
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Figure 20. The figure shows the estimation error of the positioner center and arm lengths depending on how many different
configurations spread across the workspace are included in the optimization algorithm.

N

min Z (rmeas,- - rturget,-)z (26)

Teenters las I Aoff i—1

Figure 20 shows how the parameters converge depending on the number s of measured con-
figurations. The optimization algorithm needs about 80 different configurations spread across the
whole workspace until the estimated positioner center and arm lengths are well below
one micrometer.

4.3. Adaptive calibration

Without recalibration, the blind move precision decreases if the calibrated parameters change over the
lifetime of the telescope. A telescope with a metrology system such as SDSS-V and DESI can correct
these blind move positioning degradations with the expense of a few more correction iterations. We
performed lifetime tests to examine how parameters change due to wear. A lifetime test consists of
repeated measurement cycles. Each cycle starts with an automatic calibration followed by approaching
a set of random targets distributed in the workspace, such as shown in Figure 19a. The lifetime test
allows us to simulate telescope operation and, also, monitor the change of parameters due to the
repeated calibrations. Each cycle consists of a total of 15260 positioner moves and takes about 7 hours
of continuous operation. Figure 21 shows how the calibrated arm lengths change for two measured
robots over the performed cycles. The Figure shows that the arm length variations do not change
much due to wear and stay within about one micrometer. Figure 22 shows the evolution of the non-
linear transmission value &g of the beta axis for the same two robots. The non-linear transmission can
locally change up to 0.15 degrees, which corresponds to a positioning error increase up to several
tenths of micrometers. This degradation of the blind move precision leads to an increase in the num-
ber of correction moves needed to reach the required accuracy. Generally, the number of
correction moves should be kept low due to the limited available time between observations. Here we
propose, an adaptive calibration method for the nonlinear transmission, which allows keeping the
blind move precision low without the need for specific recalibration measurements. Furthermore, it
allows us to monitor the health of a positioner if e.g. a tooth of the reduction gear breaks. The method
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Figure 21. Temporal change in arm’s lengths for two fiber positioners.
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Figure 22. The figure shows the evolution of the non-linear transmission value d, of the beta axis for two robots. The measured
non-linear transmission of cycle 1, 50, and 100 is shown.

uses the information of the measured fiber positions during normal operation in order to update the
model of the non-linear transmission model.

A bivariate Gaussian distribution describes the probability to obtain a fiber position z given
the real position r with covariance matrix X, :

xp(—~(z—1)TZ (2 - 1)) 27)

plalr) :

RET NS €
In order to estimate the most probable fiber position after an approach move, we first define two
Gaussian distributions, one for the camera measurement and another one for the positioner accuracy
(Figure 23). Given the measurement uncertainties of the camera described by the covariance X,;c4
and the real fiber position r, the probability distribution of the measured fiber position rye.s is
P(Emeas|t). The measurement uncertainty of the camera x and y-axis is assumed independent:

a2 0
Zmeas = Ox 0.2 (28)
y

Similarly, we define the probability of reaching r,,4 given the true end position r by p(r.u4lr).
The covariance matrix X4 of this distribution includes the uncertainty of the arm length and
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Figure 23. The figure shows the uncertainty ellipses of the measured and commanded fiber position.

the uncertainty of the motor output angles. The length and angle uncertainties of both axes are
summed:
Ecmal = ZO( + Z[f
2 2
g 0 o 0
= R(%lma) ( (;a o2 > RT(acmd) + R(%emd + Bema) ( (;b O’% ) RT(acmd + Bema)

o

(29)

Whereas R(0g) and R(B,,) are the direction cosine rotation matrices transforming the
uncertainty in length and angle to the x, y reference frame of the camera. Figure 23 shows the
commanded and measured fiber position with the corresponding covariance ellipsoids.

Multiplying both Gaussian distributions and scaling them with a factor ¢ gives the likelihood
of the fiber position r.y given r.,g and Fpeas :

»C(rest = I Yemd> rmeas) - p(rcmd) rmeas|r) =cC 'P(l'cmd|l') 'p(rmeas|r) (30)

The result is a new Gaussian distribution with mean r.y, representing the most probable pos-
ition of the fiber:

Fest = Zeas(Emeas + Zema)  Foma + Zemd (Emeas + Zema) ~ Fmeas (31)
With the inverse kinematics, we calculate the actual output angles of the positioner:
Ocst = P~ (rest) (32)
Finally, we can update the non-linear transmission vector 6 according to:
Os,p, = O+ (Oust — Ocraa) with min(Ormotor,,, — Ornoror, (33)

Note that for a positioner move with the motor command 60,,r,,,, only the parameter és
with the closest motor angle 0,01, is updated to 6, . The other parameters are not updated.
The dashed line in Figure 24 shows the updated non-linear transmission. For subsequent
approach moves the updated transmission calibration is used:

Hmotarcmd = T(ecmdlémotor: énew) (34)

With the results from the lifetime test, we can verify how well the adaptive calibration works.
Figure 25 shows the deviation &y from a linear reduction for the test cycles 10 and 100, that have
been obtained by repeated calibrations. It also shows the deviation obtained from the adaptive
algorithm for the same cycles. The adaptive algorithm starts with the calibrated transmission at
cycle one and uses the positioner moves for all subsequent cycles to update the calibration values.
It shows that the adaptive algorithm manages to adequately track the change of the non-linear
transmission.
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Figure 24. Update of non-linear transmission vector.
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Figure 25. The figure shows the deviation Jy from a linear reduction once obtained by direct measurement and once obtained
by the adaptive algorithm for the test cycles 10 and 100. It shows good tracking of the non-linear transmission by the adap-
tive algorithm.

Figure 26 shows the evolution of the first move error for the two positioners. The blue line
shows the error for a positioner model with a simple linear reduction ratio. For red, the non-lin-
ear reduction ratio is calibrated just in the first cycle and then fixed for the whole lifetime test.
Yellow shows the first move error obtained with the adaptive correction and purple with a recali-
bration for every cycle.

The efficiency of the adaptive calibration is well shown as it only performs slightly worse than
when an up-to-date calibration is used. The Figure also shows the need for taking into account
the non-linear transmission. It reduces the first move error by a factor of 3.5 compared to a
model with a linear transmission.

5. Conclusion

We presented the design aspects of SCARA-like optical fiber positioners for Multi-Object
Spectrographs. First, we studied a detailed mechanical model describing the correct behavior of
the positioner. The model includes aspects such as nonlinear transmission, backlash, and friction.
Measurement results are presented which validate the model.
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Figure 26. Evolution of the first move error for two positioners.

Based on the identified mechanical model, a motor control strategy is derived. In comparison
to the DESI positioner, which uses an open loop control, the proposed feedforward closed loop
controller has the advantage of reducing the dissipated heat and ensures that absolute accuracy
can not be lost due to motor slippage. The model-based controller allows one to also detect colli-
sions between neighboring positioners, which is an important feature due to overlapping work-
spaces of the units. The detection threshold of the method can be chosen so that false collision
detections due to model uncertainties can be excluded. The only other alpha-beta positioner
equipped with a collision detection system is the MOONS positioner which is based on applying
a unique voltage to positioners and measuring the current when they touch. Our method has the
advantage that the positioners do not have to be voltage isolated.!*®’

We propose a method, how the positioners can efficiently be commanded during normal oper-
ation of the telescope. By moving against the torsion spring, we propose a backlash closing target
approach which guarantees a repeatability below one micrometer RMS (Figures 10 and 18). We
show how the metrology camera of a telescope can be used to initialize the positioners after
installation in the focal plane and how to decrease positioning errors iteratively. The method
updates the calibrated positioner parameters during the regular operation of the telescope. This
methodology ensures a continuously optimized performance of the positioners over the tele-
scope’s lifetime. The blind move error is reduced by a factor of 3.5 compared to a model without
correction of the non-linear reduction gear. Furthermore, the method allows also to supervise the
health status of the positioners.
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