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Abstract

One of the experiments on board of the Material
Exposure and Degradation Experiment on Eutef
(MEDET) consists of a Spectrometer. The aim of the
experiment is to study the degradation of the properties
of optical materials exposed to near earth orbit space
environment. The samples of optical materials under
investigation are placed on a rotating wheel. A drive
mechanism is used to rotate the wheel and position each
sample in front of the optical diffuser and the
spectrometer sensor.

The first step of the design was the choice of the
components and the choice of the materials for the
mechanical parts. Then, the detailed mechanical design
of the assembly has been carried out. The mechanism
has been designed in order to be integrated inside
MEDET. This has posed constraints in terms of
geometry and power budget for the components. A
structural analysis of the drive mechanism assembly has
been carried out to ensure the integrity of the
mechanism during launch.

The sample wheel is driven by a stepper motor that has
been controlled by a closed-loop algorithm. The choice
of the type of control has been driven by in orbit
reliability considerations.

A breadboard of the mechanism has been assembled in
ESTEC laboratory to perform a drive control test.
Challenges of the design have been the very limited
time available for the overall concept and validation and
the limited resources for the project that has been
classified as a low cost experiment.

The work has been carried out in the ESTEC
laboratories with a close collaboration between
mechanical and electrical engineers of the testing and
material department

1. Introduction

The main objective of the mechanism is to position
optical samples in front of apertures where are located
diffusers that allow the light passing through the optical
samples to be analyzed by spectrometers. For a detailed
description of the experiment see [1].

The drive mechanism that has been designed consists of
a spectrometer sample wheel, the main shaft supported
by bearings and connected to a stepper motor integrated
with a gearbox, an encoder and all the structural parts to
support the assembly.

The components that have been used are as far as
possible commercial-off-the-shelf-components (COTS)
though some modifications have been performed that
are here described.
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Figure 1 Picture of the drive mechanism with main
parts
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Model of the bearings

The mass of the shaft has been initially estimated and
considered as a concentrated mass. Using a preliminary
and very conservative design load the force that the
bearings must withstand has been computed.

The static load capacity so identified has lead to the
choice of the size of the bearing that has determined the
size of the housing.

The precision positioning needed for this application
has lead to the choice of angular contact, duplex.

In order to better model the stresses on the bearings and
the force acting on the housing a FEM model has been
made using as solver NASTRAN.

Each bearing has been modeled with springs that
simulate the contact between the bearing balls and the
ring. The springs can only be loaded under compression.
The worst loading case has been evaluated using the
method described in [2]. The Hertzian stress acting on
the contact point between the balls and the ring has been
computed, according to the formula given in [4].

1
12 )3 1
=1L Ve w, s

pis R,z preload aunching _ phase )3

The preload has been chosen as the difference between
the maximum hertz stress allowed, according to [4], and
the load of the launching phase.

Wlaunchingphase Wpreload/ball Maximum FOSyeld
Hertz
Stress
10N 53.6 N 2470 MPa 1.3

Figure 2 Model of the housing and bearings

Due to the temperature the preload varies and can be
substantially reduced at higher temperature. The value
chosen assures that the preload is positive at the upper
temperature limit (75 °C).

FEM model of the drive mechanism

In order to evaluate the worst load case for the drive
mechanism a FEM model of the entire drive mechanism
has been built.

The couplings have been modeled with beams and
springs, the encoders with a lumped mass, the stepper
motor and the gearbox have been included using shell
elements of equivalent mechanical properties, and the
supporting structure has been represented by solid
elements.
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Figure 3 FEM model of the drive mechanism

The methodology described in [2] has been followed.

As first step a modal analysis has been performed to
compute the natural frequencies of the mechanism. The
structure of the mechanism has been considered rigidly
clamped to the ram face and to the stiffener. These
conditions give resonant frequencies slightly higher than
in reality because the ram and stiffener do have some
compliance. However the first resonant frequency of the
mechanism is significantly higher than 35 Hz that is the
minimum value of the structure. These boundary
conditions are anyway conservative in terms of Random
Vibration Load Factors (RVLF).

The modal frequencies have then been multiplied by the
power spectral density (PSD) given in [2] using the
following formula to compute the RVLF.

RVLF = %TQ*fm * PSD

Where as Q it has been used a value of 10.
Then the RVLF have been weighted using the
participation mass of that particular mode.

RVLF(I)=RVLF(I)*W(I)
An equivalent RVLF has then been computed making

the root mean square value of the RVLF. Then the
Random vibration loads have been combined with the



low frequencies load given in [3]. The equivalent load
has the following components 20,5g 13,4 g and 8,3g.
This vector has been applied to the model to verify the
stress on the bearings and the maximum displacements.

Table 1 Principal resonant frequencies and

participation factors
Frequency | Effective Mode PSD (W()RVLF())*2 Axis
(Hertz) weight | relevance | (g*2/Hz)
(gram) (%)
04 85.10 2.32 0.07 20. X
04 86.31 13.44 0.07 21. z
445 102.71 16.23 0.05 29. X
445 102.10 16.13 0.05 29. z
551 170.10 26.87 0.04 82.0 X
792 67.53 10.67 0.03 12.9 Y
162: 188.17 29.73 0.01 100.8 z
162 25.88 17.44 0.01 19 X
195! 110.42 13.63 0.07 34.7 X
266 271.07 42.82 0.00 27.7 z
Bending of the Wheel and of the
\ Encoder Support: 304 Hz

Bending of the Housing and
the Stepper Motor: 551Hz

Figure 4 Main modes of the drive mechanism

The maximum displacements of the drive mechanism
have also been computed to assess that they are within
the allowable limits. The most critical point is the
parallel misalignment of the stepper motor shaft with
the encoder shaft, which cannot be greater than 80 um.

Figure 5 Maximum displacement of the drive
mechanism part

3. Selection of the components
Selection of the bearings

Using as input the load factor computed through the
analysis a suitable bearing pair has been identified.

The guidelines provide in [4] and [5] have been
followed in order to identify the most suitable
configuration.

The bearings are duplex, angular contact, arranged in
back-to-back configuration, with tolerances according to
ABEC7 standard. The following are the main
characteristics.

Starting torque 78 cNem
Running torque 155 cNem
Preload 250 N
Mechanical Maximum Hertz stress due 2377 Mpa
characteristics | to preload
MOS for yield 1.3
Radial stiffness for a pair 148 N/ pm
Axial stiffness for a pair 34 N/um
Rings AISI440C
Material Balls AISI4.40C.
. Phemolic oil-
Retainer .
impregneted
Cage Oil FOMBLINZ25
Lubricant Grease
Balls BRAYCOTE601
EF

The same tolerance class ABEC7 has been used for the
shaft and the housing, a clearance fit has been decided
after consultancy with bearing manufacturer.

The bearings are hard preloaded and the axial offset is
given by a spacer between the rings. The value of the
preload has been checked by the manufacturer ADR
prior to delivery.

Selection of the stepper motor and gearbox

The stepper motor selected is suitable for high vacuum
application, it is provided with outgassing holes and
with a level of radiation acceptable for the application
inside MEDET enclosure.

The gearbox is a very low backlash planetary gearbox
suitable for high vacuum application. The reduction
ratio provided is 16. The gearbox has a shaft for
connection to the encoder.

Selection of the Encoder

The encoder is a military optical incremental encoder
with 400 counts per turns and quadrature output with
zero index. The resolution and accuracy are selected to
comply to the stepper motor control requirements. The
encoder is retrofitted for space applications with the
choice of vacuum rated materials. The bearing assembly
has been modified to control lubricant loss by adding
labyrinth seals at each end of the bearing cavity. The



encoder has screened LED and photo detectors to
comply with the expected in-orbit radiation
requirements. The lubricant in the bearing will be
BRAYCO 815Z oil, which was selected for its low
viscosity at -25°C, which is the expected lowest
operational temperature of the encoder.

A detailed bearing torque analysis is performed from the
manufacturer to determine the frictional torque in the
operational temperature range.

Selection of the coupling

Besides the resonant stepping rate of the motor, two
other types of resonance could occur, related to the
presence of a flexible coupling between motor and load.
There are two possible modes of vibration: the locked
rotor (orr), and free-rotor frequency (wgr). The first
means that at this frequency the load cannot be driven
by the motor through the coupling/gearbox, therefore
the load oscillates towards the motor at standstill. The
second one means an oscillatory mode in anti-phase
between motor and load

This implies a careful selection of the coupling stiffnes
and of the motor stepping rate (or range of stepping
rates) to activate the motor. The results of the numerical
simulation will help to verify the impact of such choice.

4. ELECTRICAL DESIGN AND CONTROL
STRATEGY

Control objectives

The functional and operational requirements for the
positioning of the Spectrometer wheel are given in [6]
and [7].

The control objectives and position detection

requirements can be summarized as follows:

- Step response (referred to wheel shaft): 15 deg in 1
sec;

- Limit cycle amplitude: +/- 0.54 deg for 2 sec;

- Combined sequence of forward and reverse steps,
as multiple of 15 deg, between not adjacent wheel
apertures;

- A 6-photodiodes encoder to identify the wheel
location at any required instant with an absolute
coding of 24 angular positions equally spaced onto
the wheel.

An open-loop control strategy does not ensure that the

motor remains always synchronized with the

commanded pulses. This is because of a possible

‘failure mode’ of the stepper motor. The failure mode

could fall under one of the category of instabilities

defined in [8]. Only the classical one (low frequency
resonance) is usually predictable by theory.

The variation of the system parameters (increase of

friction due to ageing, dependency of mechanical

parameters on the thermal conditions to which the

assembly is exposed, etc.) has an effect on open-loop
instabilities and loss of synchronism.

The presence of the 6 diodes encoder does not allow the
implementation of a closed-loop control in a classical
sense. The resolution is too low, therefore the encoder
could only be used for regular or ‘after failure’
recalibrations of the wheel absolute position.

In case of an unpredicted open-loop control failure, a
reduced availability of the operational time of the
experiment has to be taken into account. Frequency and
modes of activation of a ‘recovery mode’ are not easily
predictable by failure mode analysis.

For that reason an incremental encoder directly coupled
to the stepper motor has been selected and used for the
design of the closed-loop control of the mechanism.

Dynamic modeling

The objective is to build a representative simulation
model of the wheel-stepper motor assembly. The
dynamic model and control part have been built with
Matlab-Simulink. The simulation results have been
compared with the results obtained by testing a
representative breadboard of the system (cf. section on
Breadboard Testing).

The starting point for the simulation system modeling is
the approach described in [9]. This reference provides a
transparent model with an example of a practical
application that can be useful as reference term. The
adaptation for the case of a hybrid motor driven in
unipolar mode, like in our case, is straightforward.

A fixed step solver has been finally chosen for the
integration of the model equations because of its higher
efficiency for “stiff” systems like the one under
investigation.

Open- and closed-loop control

Three main control strategies have been considered, one
in open-loop and two in closed-loop.

1) Open-loop: the motor is activated with a fixed
sequence of steps, which could be either a fixed
stepping rate or a sequence with acceleration
/deceleration ramps, e.g. a trapezoidal velocity profile.
Parameters to be considered for the selection of the
ramp are the starting rate, resonant stepping rate (and its
sub-multiples) and maximum angular acceleration. In
addition, the selected stepping rate shall be verified with
respect to the mechanism resonances.

2) Closed-loop control, strategy 1: this is the classical
approach for stepper motors, as described in [10]. It is
based on the detection of the instantaneous rotor
position by an incremental encoder. The change in
phase excitation only occurs when the motor has
responded satisfactorily to the previous command, by
completing the step. There is no possibility for the
motor to lose the synchronism. In principle the motor



starts to accelerate at a rate dictated by the load
parameters. There are several possible variants of this
control strategy:

a) the motor accelerates at the highest possible
rate, depending on the motor and load
parameters. It then starts decelerating at a
specified distance before reaching the
commanded position;

b) the motor starts moving at a value below the
starting rate and keeps this constant rate until it
reaches the commanded position;

c) the motor moves at the maximum possible
acceleration. At a certain distance from the
commanded position the motor is decelerated
below the stopping rate. When the final
position has been reached, and the last step is
executed, the motor promptly stops.

3) Closed-loop control, strategy 2: this is based on the
closed-loop control proposed in [9]. The controller uses
the feedback of the absolute motor position, which can
also be realized with an incremental encoder. The
controller (e.g. P or PI) generates a velocity command
based on the position error between the commanded and
the encoder position. This is then translated into a
variable step rate to activate the motor phases. A step
rate limiter is implemented to prevent from a
predetermined resonant frequency to be reached.

All closed-loop strategies have been implemented at a
discrete sampling rate of 0.1 msec, emulating a
controller reaching this clock frequency. However, a
sampling rate of 1 msec is acceptable for the closed-
loop strategy 2, while for all variants of strategy 1 this is
not feasible, as the controller needs to be fast and detect
always the completion of a step without delay. This has
been proven by simulation.

An incremental encoder with a resolution at least equal
or multiple of the number of motor steps per revolution
is required to detect without ambiguity on lead/lag angle
the completion of each motor step.

A time delay corresponding to the position read-out
delay of the encoder electronics (manufacturer data) has
been introduced in the simulation model to verify its
impact on the controller performance. Such effect has
proven to be negligible.

Simulation results

The presence of highly non-linear resonance phenomena
makes the driving in open-loop very sensitive and at
risk of unexpected failure modes once in operation (loss
of synchronism due to oscillations of the motor against
the load or due to resonance of the motor itself). This is
further complicated by the fact that not all of the
resonances could be predicted analytically.

Changes due to unforeseen operational or emergency
conditions when in space and/or due to ageing and
deterioration of the electro-mechanical components

make very difficult the choice of a “fixed” sequence of
steps for the motor control. This sequence might be not
any longer suitable at a later stage, when the system is
operational in orbit.

The choice of the acceleration/deceleration profile has
to be made taking in due consideration the limitations
given by the starting rate, the stopping rate, the lowest
resonant stepping rate, the locked rotor and the free
rotor frequencies and the maximum acceleration.
Furthermore, the commanded stepping rate must be
below the stopping rate when the last motor phase is
energized and the desired position is reached.

A suitable choice of acceleration/deceleration profile,
meeting the requirement of a positioning step of 15
degrees in 1 sec is shown in fig. 3.
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T
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Figure 6 Open-loop control. Comparison of simulation
and breadboard test results

Fig. 4 shows the loss of synchronism when one of the
system resonant frequencies is excited by a wrong
choice of the open-loop control sequence. The minimum
pulse amplitude is 1 msec. The difference between
simulation (blue curve) and test (red curve) is due to the
fact that for the real system, once the rotor loses
synchronism with the phase activation sequence, it is
not possible to predict analytically the number of lost
motor steps.

15

Open-bop cortrol (loss of synchronism)
T T T

Load (smulaton)

N

Load [deg], Pulses [volt], Motor [rad]

Figure 7 Open-loop control. Loss of synchronism due to
motor resonance
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Figure 5 shows the step response of the closed-loop
control strategy 1b. This strategy gives very satisfactory
results; with a suitable choice of the step rate (pulse
amplitude set to 5.6 msec) and a very simple control
algorithm it allows the achievement of the wheel
positioning requirements, with good margin. It is also
very robust to changes of frictional torque and it is
insensitive to resonances, due to the control of the rotor
position via the incremental encoder on the motor shaft.
The difference in fig. 5 between the final position
reached during the test (red curve) and the simulation
(blue curve) is related to the mechanical backlash.

Closed-loop control: strategy 1b, constant step rate
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Figure 8 closed-loop control, strategy 1b (constant step
rate with control of rotor position)

The closed-loop strategy 1c is more sensitive to
mechanical resonances. The phase of deceleration to
bring the stepping rate below the stopping rate has to be
designed carefully. The excitation of resonances has to
be investigated and prevented by a robust choice of the
control parameters (deceleration time, final value of
stepping rate) to avoid oscillations of the motor against
the load. The simulation results are shown in Fig. 6.
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Figure 9 closed-loop, strategy Ic (maximum step rate
and deceleration, control of rotor position)
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The closed-loop strategy 2, variant ‘a’, is a good choice
in terms of robustness and insensitivity to resonances.
Even in case of temporary loss of synchronism, such
control strategy always ensures the achievement of the
final commanded position, if there is sufficient torque
available to overcome the friction. The main
disadvantage is the implementation complexity in the
selected flight electronics. Fig. 7 shows the 15 degrees
step response for the spectrometer wheel positioning.

Closed-loop control: strategy 2a, Pl controller
e T T T T T

Logd (test)

Figure 10 closed-loop, strategy 2a (PI controller)

Control strategy selection

The main criteria for the selection of the most suitable

control strategy are the following:

- Combined sequence of forward and
position steps as multiples of 15 deg;

- Achievement of the positioning requirements for
the spectrometer wheel;

- Limit cycle around set-point;

- Robustness (sensitivity to changes of frictional
torque);

- Sensitivity to loss of synchronism;

- Implementation complexity;

- Flexibility to change of control parameters while
operational in orbit.

The only strategy fulfilling all criteria is the control

strategy 1, variant ‘b’. This is therefore the proposed

candidate for the implementation and the validation on

the Spectrometer flight model.

reverse

Breadboard testing

The objective of the testing is the validation of the

numerical simulation results and of the selected closed-

loop control strategy by using a breadboard (test bench)
with the following characteristics:

- well characterized electromechanical properties,
such that the parameters of the numerical
simulation model could be made equivalent to the
test bench parameters;



- breadboard as far as possible, in terms of hardware,
close to the flight configuration of the spectrometer
wheel assembly.

Another important aspect is the proof of the robustness

of the control-loop behavior with respect to the variation

of the mechanical parameters induced by changes of
environmental conditions or ageing, specifically friction
torque on the load or motor shaft.

The test configuration is similar to the flight
configuration, see figure 8 and 9 below. The major
difference is the addition of a high-resolution absolute
position encoder (Stegmann) on the load shaft, for test
purposes.

Bearing J
enclosure Stegman
encoder

Stepper motor
+ gearbox

. 63\‘\)

\ ‘—‘

\ A

Support frame

Agilent
encoder

Figure 11 Breadboard configuration of Spectrometer
sub-experiment (CATIA V5 model)

The main objectives of the test are:

- validation of the numerical simulation model by
comparison of the breadboard test results and the
numerical simulation plots (e.g. position and
velocity of motor and load, positioning time, limit
cycle (if any), developed motor torque, phase
current, etc., load acceleration, etc.);

- test of open-loop strategy;

- test of closed-loop strategies 1b, 1c, 2a, 2b;

- test of control loop robustness with respect to
changes of mechanical parameters (friction) and of
control parameters (pulse sequence);

- sequence of forward and reverse position steps, as
multiples of 15 deg, simulating an operational
sequence for the spectrometer sub-experiment, for
the finally selected control strategy.

The following electrical and mechanical characteristics

have been measured:

- Motor position and velocity (motor incremental
encoder);

- Load position and velocity (load absolute encoder);

- Starting torque and running torque of main
mechanical components (torque-force meter,
metrology laboratory, TOS-MTE);

- Phase current/voltage (multimeter, oscilloscope).

Figure 12 Breadboard integration in ESTEC
laboratories

Electrical architecture of the test bench

A description of the breadboarding phase of the
spectrometer wheel experiment, from the -electrical
point of view, is reported below. The guidelines
followed to implement the entire system are also
described. Four electrical devices basically compose the
system:

- A Xilinx FPGA, model Virtex XCV100, mounted
on an evaluation board provided by Xilinx

- An AGILENT incremental encoder, model
HEDL5540, mounted on the rotor shaft of the
Phytron Stepper Motor (2000 line resolution, 2
balanced lines, TTL signals)

- A STEGMANN absolute encoder, model CA 6 S,
mounted on the load shaft of the Phytron Stepper
Motor (15 bits resolution, TTL parallel connection,
gray code signals)

- A Dell Pentium IV PC connected to the Xilinx
Board

The Xilinx board is the core of the system, linking all

the devices. The absolute encoder communicates the

position of the load via a 15 bits connection; the
incremental encoder needs only 2 lines to code the
movement of the rotor in terms of direction and speed.

Due to the balanced signals provided by the incremental

encoder, a simple conversion circuit is needed for

connecting the Xilinx Board and the measurement
device. This circuit is based on the use of a TTL
receiver (model SN75107AN).

The FPGA requires a conversion circuit to drive the

motor. It consists basically of four power transistors

(model Motorola TPL761A), one for each winding.

To program the FPGA and to collect the data to verify

the performance of the system, the Xilinx Board is

connected to the Dell PC via the Xilinx Universal Link

(XUL, using a USB local connection) and a serial Port

(EIA RS232).



The picture below shows a block diagram of the
electrical architecture of the test bench.

Motor Driver
TPL7614

LVTTL
Balanced  TTL  Single 4 Lines
2 Lines

15 Bits TTL
parallel
Connection
Agilent Virtex Stegmann
INC ENC Receiver XCVio i
HEDL5540 SN751074 S —— i

Xilinx Board

Dell Pentium IV

Figure 13 Electrical configuration of breadboard for
the spectrometer sub-experiment

FPGA Programming

The breadboarding phase aims to evaluate the
performance of the proposed control algorithms and to
validate the mathematical model of the system. For
these reasons the prototype implements the basic
functionalities of the Medet spectrometer wheel:
rotation of 15x degrees in the two possible directions.
The prototype is logically equivalent to the real system;
the unique relevant difference is the use of a Xilinx
FPGA instead of an ACTEL FPGA. The two devices
families differ for the re-programmability of the Xilinx
one (feature necessary during the development and test
of the system) and the compliance of the ACTEL FPGA
with extreme environment (not necessary during this
phase of the design). These aspects are irrelevant in the
evaluation of the performances of the breadboard in
terms of reliability of the control algorithms and
resource occupation (FPGA gates).

The design of the FPGA is composed by several blocks,

each one implementing a specific function:

- Decoding of the gray code, from the absolute
encoder, into binary code to be transmitted every
0.5ms to the PC, using the Serial RS232 port. This
allows a comparison between the real position of
the payload and the Matlab/Simulink simulations

- Decoding of the signals transmitted from the
incremental encoder and necessary to implement
the closed loop strategies

- Control algorithm; it switches the motor phases
depending on the position of the load, the rotor
and/or the time.

One of the parameter to evaluate the control strategies is
the resource occupation in terms of gates and RAM
blocks. After the implementation and the test of the
proposed algorithms, such aspect was investigated.

A first analysis has shown that the implementation of
the open-loop strategy requires the minor number of
resources. The second best one is strategy 1 variant ‘b’.
Both the strategies 2 variant ‘a’ and ‘b’ require the use

of memory banks, due to an internal Look-Up Table
(LUT). This could be a major disadvantage for the final
implementation because differently from Xilinx, the
Actel FPGAs selected for the flight model do not have
RAM block on board. For this reason, the total
equivalent gate count represents the most suitable
parameter to make the comparison between the 5
strategies.

The evaluation of this value and the analysis of the
Matlab-Simulink models have driven to the choice of
the control strategy 1 variant ‘b’.

Conclusion

The electro-mechanical design of a drive-mechanism for
the rotation of a sample wheel has been performed.

A breadboard has been set up to validate the control
strategy selected.
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