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Chapter 6

High performance motion control of the METIS Cold
Chopper Mechanism

The MCCD, which has been introduced in Section 1.3.2, forms a new challenge in the develop-
ment of cryogenic chopper mechanisms. Its requirements on positional stability, repeatability
and settling time for 2D movement profiles in a cryogenic operational environment are extreme.
Compared to the HIFI-FPC, which already provided us with a number of challenges during its
development, these requirements are orders of magnitude (a factor 86 for positional stability, a
factor 257 for repeatability and a factor 8 for settling time) more demanding.

These extreme requirements have resulted in a novel mechatronic design, implementing
interferometric position sensors with extremely high positional resolution and low noise levels
and a redesign of the actuators to reduce the moving mass and optimize the force constant. This
had to be done while taking into account the cryogenic design and test limitations which have
been discussed in Chapter 4.

In this chapter we describe the design, control synthesis and performance of the MCCD me-
chanism. In Section 6.1 we start by presenting the cryogenic mechatronic design of the MCCD
and discuss the critical mechatronic components. In Section 6.2 we describe in detail the system
identification of the hardware which revealed the presence of hysteresis in the system. We dis-
cuss how the hysteresis limits the model accuracy of the plant. The results when incorporating
hysteresis in the plant model are presented and the effect of the hysteresis on the performance
of both the hybrid controller and a repetitive controller are discussed. The synthesis of these
control strategies with the MCCD mechanism is described in Section 6.3. The performance of
the mechanism is presented in Section 6.4. Most requirements can be satisfied when applying
the repetitive controller to the current hardware. Suggestions to solve the final issues with po-
sitional stability and settling time are provided, to be able to meet all stringent requirements
for the final MCC mechanism on the METIS platform. We discuss the practicle implementation
of the repetitive control strategy in Section 6.5. Finally, the conclusions about this experimental
phase are presented in 6.6.

The results in this chapter are published in [29] and [52].

6.1 MCCD mechanism description

The MCCD mechanism is shown in Fig. 6.1. The heart of the MCCD design is its aluminum
mirror with an outer diameter of 64 mm and inner diameter of 21 mm. This mirror is constraint
in three DOFs (x, y, θz) by a stiff support and the remaining three DOFs, the angular position
and focus, are controlled using three linear actuators and three linear position sensors. Fig. 6.2
defines the coordinate system and the location of the actuators and sensors. The basic concept
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behind this design is depicted in Fig. 6.3. In the MCCD the actuator forces are not directly
applied to the mirror. Instead, the forces act on an intermediate body to which the mirror is
connected by means of a leaf springs suspension. This stress free support precisely constrains
the six DOFs of the mirror and minimizes the impact of intermediate body deformations on the
mirror surface accuracy.

Figure 6.1: Left: Photo of the MCCD mechanism. Right: Cross-section of the MCCD along
the x-axis. The critical components are indicated in the figure. Design by Janssen Precision
Engineering (JPE)

Figure 6.2: Schematic drawing of the MCCD mechanism. Triangular support structure with
circular mirror body is made transparent to show the location of the sensors (S1, S2 and S3) and
actuators (A1, A2 and A3). Coordinate system is also indicated.
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Figure 6.3: Conceptual drawing of the MCCD showing the mirror support (which defines its
DoFs) and the distribution of the VCA’s and the position sensors (not on scale).

As discussed, the feedforward path of the position controller relies on the reproducibility of
the mechanism and its movements. Therefore, friction and backlash had to be eliminated by
connecting the intermediate body to the top frame using a fully flexible suspension consisting
of three struts each constraining one DOF. The elastic hinges of these struts were designed
to keep the maximal stress over the complete operating range below the fatigue limit of the
used aluminum (96 MPa at 108 cycles). Top frame, intermediate body, mirror, and suspensions
are implemented as one monolithically integrated component and manufactured from a single
piece of T6061-T6 aluminum. To limit the acceleration forces and resulting power consumption
the moving parts were light weighted, but without sacrificing overall dynamic characteristics
of the mechanism (e.g. stiffness/resonance frequencies).

The base frame consists of two parts, the already discussed top frame and the bottom frame
on which the position sensors, the end stops, and the stator of the actuators are mounted. To-
gether these components form the stationary part of the chopper (base frame in Fig. 6.3). Of
these components, the actuators and sensors, discussed in respectively 6.1.1 and 6.1.2, are criti-
cal for the performance while the end stops are only there for emergencies. For instance during
an earthquake or when the chopper mechanics or electronics fail. At these occasions, the built-
in flexibility of the end stops limits the deceleration forces on the intermediate body and stresses
in the mirror suspension.

The mechanism dynamics (inertia, spring constant and damping) are designed to be rota-
tionally symmetric. The multiple-input multiple-output (MIMO) system is converted to three
decoupled single-input single-output (SISO) systems by applying the following matrix trans-
formations.
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(6.1) relates the three sensor readouts (z1, z2 and z3) to the three DoF’s of the system, where rs
is the radial distance of the sensors to the heart of the mirror. (6.2) converts the control inputs
(Fz , Mθx and Mθy ) for the different DoF’s, to the individual force inputs (F1, F2 and F3) of the
actuators. Here rf is the radial distance of the actuators to the heart of the mirror.

6.1.1 Voice coil actuators

Although Voice Coil Actuators (VCAs) are commonly available the ones employed in the MCCD
are custom designed and made to satisfy the specific constraints of the low temperature and, to
a lesser degree, the vacuum environment. In this custom design, the coils are fixed to the statio-
nary part of the chopper while the permanent magnet assemblies are connected to the moving
intermediate body. By making the coils part of the stator a large thermal load is avoided as
their heat is directly transferred to the frame and not to the intermediate body. An additional
advantage of this configuration is that the lead wires are stationary, thus avoiding fatigue issues.

Unlike in conventional VCAs the back iron is not directly attached to the permanent magnet
assembly. Instead it is mounted to the stationary coil holder to reduce the moving mass. As a
result the magnetic field in the back iron moves with the movement of the chopper and this in-
troduces both magnetic stiffness and hysteresis. The effect this has on performance is discussed
in Section 6.2.3.

6.1.2 Position sensors

Position measurement is provided by a commercially available three axis interferometer system.
All the active components of this system are in the ambient environment as the laser source and
the detector are fiber-coupled to the sensor head. Hence, for cryogenic compatibility the only
issue which has to be addressed is the large difference in CTE between the titanium sensor head
and the aluminum bottom frame. This has been solved by mounting the sensor in a titanium
bush and bolting this bush to frame using stainless steel bolts and aluminum CTE compensation
spacers. These bushes also help to suppress stray light coming from the sensor head or the target
by means of an integrated labyrinth.

Because the sensor system cannot handle large angles when combined with a flat target, i.e.
small mirror on the back of the main mirror, the sensor is aimed at hollow retro-reflectors. These
(off-the-shelve) retro-reflectors guarantee that sufficient optical power is reflected back into the
fibers even at large tip/tilt angles. At these angles the noise-level is increased, when the laser
beam comes close to the apex of the retro-reflectors, and in the breadboards test the specification
was not met ( 30 nm peak-peak). Fortunately, the sensor drift was well below its specification
allowing a re-budgeting of the contribution of each disturbance source to the overall stability.
Therefore, the sensor noise specifications was increased to 30 nm (3σ) and this is met by moving
the sensor heads with respect to the apex.
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6.2 System identification

6.2.1 Sensors and actuator characteristics

One of the first steps after the realization and integration phase was to verify the correct ope-
ration of the position sensors. This has been done by pulling the intermediate body against
the end stops in eight different configurations (three end stops on two sides). In each position
the three sigma noise level has been determined and found to be always below the specified 30
nm. Next, the accuracy of the sensors has been verified by comparing the angle calculated from
the sensor signals with theodolite measurements. The results plotted in Fig. 6.4 show that the
measurements correlate to a high degree and the calculated gain corrections are 0.5% and 0.4%
for θx and θy , respectively. These deviations can be explained by manufacturing tolerances and
the resulting uncertainty in the transformation matrix (sensor to system coordinates).

Before integration on the final hardware, the actuators have been tested using customized
breadboards, as reported in [51]. The force constant, or force sensitivity, was measured to be
5.7 N/A (77 K) resulting in a peak force of 48 N when the used amplifier supplies its maximal
(peak) current of 9 A. The actuators can deliver a continuous force of 9 N. The cryogenic actuator
constant is 7.9 N/

?
W . As already mentioned, the actuators exhibit hysteretic behaviour which

will be discussed in more detail in Section 6.2.3.
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Figure 6.4: Calibration result for both rotation in θx and θy of the MCCD mirror. Reference
measurement was obtained using a theodolite positioned outside the cryostat.

6.2.2 Plant dynamics

System identification is performed by the method of frequency analysis. The experimental data
is generated applying a high resolution sinesweep over the frequency regime from 5Hz to 2kHz



74 6. High performance motion control of the METIS Cold Chopper Mechanism

and fitting the steady state response of the system (input and output) to a sine profile. This
provides us with the phase shift and gain information required to generate the bode plot. We
only use the magnitude plot for model fitting because of the limited accuracy of the phase
information.

Fig. 6.5 shows the bode magnitude plot of the open loop plant for θx. The dominant re-
sonance frequencies of the mechanism are clearly visible. Table 6.1 gives these dominant re-
sonance frequencies and compares them to the results from a detailed Finite Element Analysis
(FEA) [17].
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Figure 6.5: Bode magnitude plot of MCCD θx dynamics. Experimental data and fitted 8th order
model. Experimental data based on sinesweep (Freq. range 5-600 Hz and 1400-1500Hz covered
with 5Hz frequency resolution. Other regime covered with 50Hz resolution)

Table 6.1: Dominant resonances of MCCD for θx orientation. Experimental and FEA results
generated using Creo Simulate and Creo Parametric software

Measured FEA

29.6 Hz 29.0 Hz
1405.0 Hz 1443.1 Hz
1470.0 Hz 1491.0 Hz

The resonant behaviour at approximately 500Hz cannot be explained by the mechanism
dynamics. The same is true for a small, but relevant resonance at 125Hz. These resonances do
not show up in the FEA and, despite the rotational symmetry of the MCCD, are not present
in the θy dynamics. They are believed to originate from the test setup e.g., the cryostat, whose
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structural dynamics are not symmetrical w.r.t. the introduced forces as a result of θx or θy-
rotation.

Due to the influence of the cryostat, we consider a non collocated lumped mass system as
shown in Fig. 6.6 to describe the θx-dynamics. This results in an 8th-order system with 5 stable
zeros, i.e. 2 complex conjugated pairs close to respectively the 125Hz and the 500Hz resonance
and one zero at high frequency. Based on this system, we model the θx-dynamics including the
dominant resonance at 29.6Hz, a skew notch at 125Hz and at 487Hz and a broad resonance at
1440Hz (to account for the two sharp resonances between 1.4 and 1.5kHz). The high frequency
zero has very limited influence on the system response and we choose to ignore this in our
system model.

Figure 6.6: Non collocated lumped mass system representative for the dominant 8th-order θx-
dynamics. The actuator force is applied at the triangular support structure and displacements
are measured at the mirror surface relative to the MCCD base frame.

The θy-dynamics are modelled as a 4th-order plant excluding the two resonances related to
the cryostat. Finally, the z-dynamics are less critical and can be approximated by a 2nd-order
plant.

Using the transfer function given by:

P psq � ans
n � an�1s

n�1 � ...� a1s� a0

bnsn � bn�1sn�1 � ...� b1s� b0
(6.3)

where an, ..., a0, bn, ..., b0 are coefficients to be fitted, the final system models for the differerent
DoF’s are given in Table 6.2.

Comparison of the simulated step response with experimental data shows a good match for
the 1 mrad chop range for which the identification has been performed (see for example Fig. 6.9
(0� offset result)).

A detailed system model, including the weak resonance at 125Hz is required for an accurate
FF design. This is discussed in more detail in Section 6.3.1.
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Table 6.2: Laplace transform coefficients for all 3 DoF’s. The given coefficients are related to the
standard transfer function given in (6.3). These are rounded values taken from the 64bit floating
point numbers provided by Matlab.

n
Pθx Pθy Pz

an bn an bn an bn

0 2.77�1027 3.09�1025 2.53�1014 2.76�1012 1.01�104 1.59�104

1 1.00�1023 9.71�1021 - 7.77�108 - 10.48
2 4.95�1021 9.51�1020 - 8.19�107 - 1
3 3.72�1016 4.85�1016 - 77.80 - -
4 5.11�1014 1.60�1015 - 1 - -
5 - 1.45�1010 - - - -
6 - 1.68�108 - - - -
7 - 178.5 - - - -
8 - 1 - - - -

6.2.3 Non linear behaviour

The experimental results have revealed the presence of non negligible non linearities in the
system. This is shown in Fig. 6.7 where the linear component of the system response is taken
out to clearly expose a slightly deformed hysteresis curve.

Figure 6.7: Observed hysteresis in θx and fitted model for sine inputs spanning different parts
of the chop range (0.05Nm input corresponds to 4.5 mrad output, 0.08Nm corresponds to 7.2
mrad). Max. displacement (at 0 input) caused by hysteresis is approx. 0.7% of rotated angle.
NB: Linear term of system response is taken out to clearly expose the hysteresis.
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As discussed in Section 6.1.1, the hysteresis is caused by the relative displacement of the con-
stant magnetic field, generated by the permanant magnet, with respect to the back iron in the
actuators. As a result, the magnetic field strength, at any point in the back iron, depends on
the orientation of the chopper, and the back iron material exhibits its magnetic hysteresis curve
when the mirror is rotated.

The slight deformation of the hysteresis curve is caused by the position dependent reluc-
tance in the magnetic circuit. The reluctance is maximal in the center position pθ � 0q and
reduces with increasing angle. This introduces negative magnetic stiffness. As the reluctance
of the magnetic circuit is inversely proportional to the magnetic field strength, it also makes the
force constant of the actuator position dependent.

As discussed in Section 3.3 the hybrid control method includes the design of a feedback
controller and of a FF signal. The non linearity has only a small effect on the response of the
system and it is not necessary to consider this in the design of the feedback controller. On the
other hand, the design of the FF signal is based on a model of the plant. It largely determines
the settling time of the mechanism and its performance is directly related to the accuracy of the
system model.

In an effort to account for the non linearity in the FF signal design, we have included a
Jiles-Atherton (JA) hysteresis model [32] in the system description. The JA model is based on
physical laws describing the magnetization process in ferromagnetic materials and is thought to
be appropriate for the current application. In parallel we have added a non linear component
in the form of a 5th order polynomial to account for the deformation of the hysteresis curve.
Fig. 6.8 shows the basic building blocks of the non linear MCCD model. Both operators use
the angular orientation of the mechanism as input parameter and affect the input ([N.m]) to the
linear plant model.

Figure 6.8: Non linear MCCD plant model, including a JA model to represent the hysteresis
behaviour in the system and an extra non linear term to account for the observed deformation
of the hysteresis curve.

Jiles and Atherton have derived the following relation to describe the changes in the mag-
netization (M ) of the material as a result of variations in the magnetic field strength (H).

dM

dH
� pMan �Mq
p1� cqpδk{µ0 � αpMan �Mqq �

c

p1� cq
dMan

dH
, (6.4)
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where c, k, µ0 and α are positive real constants and δ is the sign operator. Man is the anhysteretic
magnetization and is defined by the following implicit equation

ManpHeq �MspcothpHe{aq � pa{Heqq (6.5)

where He � H � αM is the effective magnetic field and Ms and a are positive real constants. It
is known that tuning the JA model parameters is a difficult process which is strongly dependent
on the choice of initial conditions and often results in non ideal solutions [37]. As we have to
include 6 extra parameters in our model to also account for the non linearity, related to the
positional dependent force constant of the system, tuning of the complete set of parameters
becomes even more of a challenge. We have tuned the parameters by hand, after which we have
used Matlabs non linear curve fitting procedure (lsqcurvefit) for fine tuning. This, however, did
not result in further optimization of the parameters.

The tuned model parameters are given in Table 6.3. The model response is included in Fig.
6.7. The fit shows the same characteristic response to a sine input for different amplitudes. The
accuracy of the model is however limited. This is supported by the experimental results given
in Fig. 6.9, showing the response of the system to a FF-input applied at different offset positions
in the chop range. The FF input has been generated on the basis of the linear model and has
been designed to deliver a 1 mrad step. The response of the linear model (blue line) is inde-
pendent of the offset position in the chop regime while the experimental result clearly shows
the dependence on start position, which indicates hysteresis phenomena have taken place. This
hypothesis is corroborated by the simulation result when we include the hysteresis model.

Table 6.3: Parameters of non linear MCCD model. The 2 left most columns give the fitted
parameters of the Jiles-Atherton hysteresis model described by (6.4) and (6.5) (the kc parameter
is not part of the JA model). The columns on the right give the fitted coefficients of the 5th order
polynomial, which accounts for the positional dependent force constant.

JA parameters tuned values Poly. coef. tuned values

α 1�10�3 p1 7.289990�10�9

a 0.44 p2 2.101289�10�9

k 1750.70 p3 -2.663815�10�6

c 0.22 p4 8.192315�10�6

Ms 0.44 p5 1.059444�10�4

kc 0.99 p6 1.608167�10�3

The non linear plant model provides valuable insight in the non linear behaviour of the
MCCD hardware and fully explains all observed effects. However, from a control design per-
spective, as the model complexity drastically increases when the hysteresis model (with its 12
parameters) is included, and as the accuracy of the modelled response is limited, we have de-
cided not to use the non linear model for the FF design.
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Figure 6.9: Effect of hysteresis on feedforward response (open loop). Comparison between
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mrad step Middle: 3.5 to 4.5 mrad step and Right: 5.3 to 6.3 mrad step. NB: Start position is set
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6.3 Control synthesis

6.3.1 Hybrid controller

In this section we describe the synthesis of the hybrid controller, formulated in Section 3.3, with
the MCCD hardware. We separately discuss the issues relating the FF design and the design of
a closed loop controller.

FF design

We apply the method described in 3.5 for the design of the FF-signal. Here we discuss some
considerations relating the implementation of the method.

We recognize that, because of the high frequency reference signal in relation to the typically
limited bandwidth of the closed loop controller, fast settling can only be achieved by accurate
FF design and not by error convergence after switching to closed loop. Therefore, we use the
full 5 msec settling time specification for our FF signal. This maximizes the number of indivi-
dual discrete steps of the FF which allows for better norm reduction of (3.11) and it reduces the
maximum forces exerted on the mechanism. The effect of which is the reduction of resonant
behaviour after the step as a result of model uncertainties and unmodeled dynamics. Further-
more, as this also limits the peak currents generated by the amplifier, this gives the possibility
to reduce the amplifier output range. As reduction of the amplifier range typically means re-
duction of the amplifier noise levels, this has a direct positive effect on the positional stability
of the mechanism.
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Table 6.4 summarizes the result of a simulation where we apply an accurately designed FF
signal based on the 2nd-order MCCD plant model (including only the 29.6Hz dominant mode)
to different model plant configurations. This clearly shows the necessity to include the higher
order resonances in the FF-design.

Table 6.4: Influence of plant resonances on settling when applying a FF signal based on the 2nd-
order plant model for a step from θx=0 to 8.5 mrad. The resonances considered in the different
plant models are given in the table. NB: The complete 8th-order plant also settles within 4.9
msec when applying a FF signal based on the 8th-order plant model.

Plant model Overshoot [µrad] Settling [msec]

2nd-order (30Hz) 0 4.9
4th-order (30Hz+125Hz) 29 320
4th-order (30Hz+500Hz) 11 72
4th-order (30Hz+1500Hz) 23 80
Complete 8th-order 61 320

Feedback controller

The feedback controller for θx has been tuned by loop shaping. It consists of a skew notch
filter, to compensate the large phase shift introduced by the dominant resonance at 29.6 Hz,
an integrator, required for constant reference tracking and a first order low pass filter for high
frequency cut off. The complete controller, discretized by the Tustin method, is then given by:

Cθx �
0.1722z4 � 0.3337z3 � 0.01048z2 � 0.3337z � 0.1617

z4 � 3.311z3 � 4.085z2 � 2.228z � 0.4531

In Fig. 6.10, the bode plot of both the sensitivity function S � p1 � PCq�1 and the comple-
mentary sensitivity function T � PCp1 � PCq�1 of the closed loop plant are given. T shows
good tracking ability at low frequencies. S is tuned for sufficient amplifier noise and distur-
bance attenuation below 100 Hz. The slight peaking of the Bode magnitude plot of S above 200
Hz (max. of 4dB at 500Hz) is allowed because of the low sensor noise in the system. The gain
and phase margins of the closed loop system are respectively 14.3 dB and 82�, from which we
can conclude that the feedback loop is robustly stable. The value of γ, as defined in (10) of [30],
is 0.36, so we satisfy the necessary and sufficient condition for output regulation of the hybrid
controller.

Because of the symmetry in the system, and because we do not specifically shape the 125Hz
and 489Hz resonances, the same controller can be applied to the θy DoF. For the control of the z-
displacement it suffices to apply a discrete PID controller with kp � 89, ki � 1000 and kd � 0.56

with a 4012.6 filter bandwidth (Forward Euler discretization method).



6.3. Control synthesis 81

−60

−40

−20

0

20
M

ag
ni

tu
de

 (
dB

)

10
0

10
1

10
2

10
3

10
4−360

−270

−180

−90

0

90

180

P
ha

se
 (

de
g)

 

 

Frequency  (rad/s)

T
S

Figure 6.10: Bode plot of complementary sensitivity (T) and sensitivity function (S) of closed
loop MCCD plant for θx.

6.3.2 Repetitive controller

Fig. 2.1 shows the repetitive control layout as it is applied to the MCCD hardware. The repeti-
tive loop is placed in parallel with the feedback controller described in Section 6.3.1.

In our experiment, as we are interested to explore the maximum settling performance using
the repetitive method, we take Q � 1. This allows for maximum error reduction at the cost
of monotonic convergence. We avoid inversion of Sp but use an inverse of the 4th-order θy-
dynamics of the plant as our L-filter, where we add a 4th-order Butterworth filter to make the
transfer function proper. We are aware that sampling of a continuous time system may lead
to the introduction of RHP zeros in the discrete model [4], which in turn can cause problems
during system inversion. To avoid this problem we designed the filter in continuous time, after
which the L-filter was discretized by the Tustin method. The resulting filter is then given by:

L � 0.048z4 � 6.253e� 5z3 � 0.096z2 � 2.939e� 5z � 0.048

z4 � 3.187z3 � 3.876z2 � 2.124z � 0.441
.

To avoid interference between the feedback controller and the repetitive loop we only close the
loop after convergence of the repetitive controller.

Because of the good match between the model and the hardware, we can tune kr, γ and
the cut off frequency of the Butterworth filter offline, and no adjustments of the parameters are
needed when we apply the method to the real hardware. NB: The good quality of the learned
step input does not introduce significant oscillations after the step. This and the large stability
margins of the feedback loop, allow us to further increase the gain of the feedback controller
for better amplifier noise and disturbance attenuation. The tuned parameters are given in Table
6.5. The gain of the feedback controller is increased by a factor of 1.5.
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Table 6.5: Tuned parameters of repetitive controller for θx and θy .

DoF kr γ Cut off freq. [Hz]

θx 0.1 8 500
θy 0.5 9 500

The reference profile for chopping is generated by applying the method described in [36].
This method generates a smooth 4th-order reference profile while taking into account the limits
(maximum jerk etc.) of the plant.

As mentioned in Section 2.3, the reproducibility is generally considered to be a measure
for the tracking accuracy that can be attained by repetitive control. The reproducibility of the
MCCD for chopping is ∆θ   10µrad during the step and ∆θ   2µrad during the integration
periods.

In Fig. 6.11 the good match between the simulation and the experimental results is shown.
After about 2.4 seconds (12 iterations) the repetitive controller has converged. The effect of
activating the feedback controller after 4.7 seconds is clearly visible.

The compensator for θx is very similar but here the resonances of the L-filter are matched
with the 29.6Hz and 1440Hz resonances of Pθx .
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Figure 6.11: Comparison of simulation result with experiment when tracking a 5Hz chopping
reference between 0 and 8.5 mrad in θy applying the repetitive controller. Error convergence
from 1 sec onwards is shown. Feedback controller is activated after 4.7 sec.
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We use a practical approach for our repetitive controller design to be able to study its ge-
neral performance without the need for Sp inversion of the high order plant described in Table
6.2. We are aware that small changes in the response can occur when applying a (zero phase)
Q-filter and inversion of Sp. However, for θy the tracking error is in the order of the repro-
ducibility of the system which means that for this DoF no further improvements can be made.
The performance of the repetitive controller is discussed in Section 6.4. Some considerations
about the implementation of the method on the final MCC hardware are discussed in Section
6.5.

6.4 Performance

All tests are performed with the test setup as described in Appendix B. Table 6.6 summarizes
the most important test results. All results, except for the settling time are generated applying
the hybrid controller. As we use the same feedback controller, most results are applicable to
both control strategies. It is well known that the influence of stochastic disturbances (system
noise and external vibrations) are amplified by the repetitive method [45]. Because of this the
positional stability is worse than for the hybrid approach. However, as discussed in Section
6.3.2, we could compensate for this effect by increasing the loop gain of the feedback controller.

Table 6.6: MCCD requirements and realized performance. Positional stability is defined as 3σ

level, all other requirements are defined as absolute maximum.

Description Requirement Result Unit Remark

Pos. stability ¤ 1.7 ¤ 2.09 [µrad] 3σ
Pos. repeatability ¤ 1.7 ¤ 0.4 [µrad]
Pos. accuracy ¤ 85 ¤ 1.04 [µrad]
Settling time in θx ¤ 5 32 [msec] applying
Settling time in θy ¤ 5 5.6 [msec] rep. control
Parasitic z-disp. ¤ 200 ¤ 3 [µm]
Power dissipation   1 0.116 [W] for 5 Hz chop
Peak currents ¤ 10 2.75 [A] over 8.5 mrad
Thermal stability ¤ 1.7   1.7 [µrad]
Lifetime ¡ 108 X [cycles] details in

Appendix C

Most requirements are satisfied but the positional stability and the settling time specification
are not fully met. The results of the test program are described in detail in [28]. In the following
sections we summarize some of the critical results related to the performance of the system.
The outcome of the lifetime test, which has been performed by JPE after the performace test
program, is presented in Appendix C.
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6.4.1 Positional stability

Fig. 6.12 shows the 2D positional stability at both observation positions when performing a 0 to
+8.5 mrad chop for α � 0� with a chop frequency of 0.5 Hz (α is defined as the chop orientation,
with α � 0� defined as rotation around the x-axis and α � 90� rotation around the y-axis). Only
the last 0.5 seconds of every 1 second observation is used to allow for settling of the mechanism
(applying the hybrid controller). The offsets from the mean position are shown. The red circle
gives the 1.7 µrad positional stability limit. In Fig. 6.13 for both DoFs and for both observation
positions the offsets from the mean position are shown in a histogram. Here the red line gives
the result of a Gaussian fit to the data (applying Matlabs gauss1 fit algorithm and using a bin
size of 0.1 µrad).

Figure 6.12: 2D positional stability for 0 to +8.5 mrad chopping in the α � 0� direction at both
observation positions. Offsets from mean are shown.

The results shown in Fig. 6.12 and 6.13 are representative for all 8.5 mrad chop forms. In
Table 6.7 the percentage of data points that lie within the 1.7 µrad circle are given for all standard
chop forms at both observation positions. NB: Chopping between -8.5 mrad and +8.5mrad
angles is not considered standard but is included for completeness.

We believe that the positional stability can be further improved by fine tuning of the feed-
back controller in the final setup (when the exact noise and disturbance levels on the E-ELT
platform are known), and by reduction of the amplifier range as discussed in Section 6.3.1. In
[8] the effectiveness of different strategies to reduce the negative influence of stochastic distur-
bances on positional stability when applying a repetitive controller is investigated. If required
this approach can be considered to further reduce the influence of stochastic disturbances on
the positional stability of the plant.
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Figure 6.13: Histogram of 2D positional stability for 0 to +8.5mrad chopping. Both DoFs at both
observation positions.

Table 6.7: Percentage of chopped angles within 1.7 µrad from mean chopped angle for all stan-
dard chop forms. Also included are the results when extending the chop angle to 17 mrad (not
a requirement).

α [degrees]
Chop angle [mrad] Percentage inside 1.7µrad spec [%]

Pos1 Pos2 Pos1 Pos2

0 0 +8.5 99.69 99.47
0 -8.5 99.40 99.49

-8.5 +8.5 96.91 96.94
120 0 +8.5 98.68 98.18

0 -8.5 98.00 98.91
-8.5 +8.5 96.85 96.81

240 0 +8.5 98.20 97.98
0 -8.5 97.21 96.56

-8.5 +8.5 96.54 97.44

6.4.2 Settling time

The settling time results given in Table 6.6 are generated by the repetitive controller. Fig. 6.14
shows the result of chopping in θy between 0 and 8.5 mrad for both the hybrid and repetitive
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method. The hybrid controller converges within 1 chop cycle. The repetitive controller takes
about 9 cycles but the settling time is much better. This is illustrated in Fig. 6.15 where a
close up of the settling behaviour at the 8.5 mrad position after convergence is given. Since
an observation typically takes minutes, the time required for learning (approx. 2 sec) is easily
compensated by the much better settling performance of the repetitive controller.
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Figure 6.14: Experimental result of 5Hz chopping in θy between 0 and 8.5 mrad (indicated by
the red dotted lines), applying the hybrid and the repetitive controller.

Figure 6.15: Tracking error during 5Hz chop after convergence (after 4.805 sec at θy= 8.5 mrad
position). Tracking of the hybrid controller is limited due to the non linearities which are not
accounted for in the FF design.
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As discussed in Section 6.2.3, the quality of the FF signal applied in the hybrid method is
limited as a result of the unmodeled non linearities in the system. This limits the performance of
any model based FF method. As argued in [40], the linear repetitive controller can deal with the
small non linearity in the system and there is no need for adding extra complexity by applying
a non linear repetitive controller.

The difference in the settling time for θx and θy can be explained by the resonant behaviour
of the experimental setup at approximately 500Hz, which is only present in the θx-dynamics.
Including the modelled resonance at 500Hz in the L-filter design for θx did not improve per-
formance because of the limited accuracy of the modelled resonance. More detailed modelling
is required to correctly compensate for this effect in the L-filter design, but, as the resonance is
part of the test setup and not of the MCCD hardware, we did not put further effort into solving
this issue. Instead the issue has been taken up with the design engineers of the METIS team
recommending to avoid low frequency resonances in the structural interface of the MCC with
the METIS instrument.

6.4.3 Robustness to thermal variations

The robustness of the system to internal temperature variations as a result of chopping, was
studied by performing a 5 Hz closed loop chop (applying the hybrid controller) for 5 minutes
and observing possible drifts in the closed loop trajectory of the mechanism. Fig. 6.16 shows
the positional repeatability during this test.

Figure 6.16: Repeatability of chopped positions when performing a 5 Hz chop over an angle of
8.5 mrad for a period of 5 minutes in the θy-direction. Every single dot defines the average chop
position during a single integration period. No drift in the response is observed as a result of
temperature variations in the mechanism.
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System stability is preserved and there is no drift observable in the repeatability of the chopped
positions. This is in agreement with the results of an open loop sinesweep from 5 to 100 Hz
performed at both the operational temperature of 77K and at 63.5K. In Fig. 6.17 the Bode mag-
nitude plots, which are derived from this data, are compared for the θx and θy-directions. No
differences in the frequency response of the system are detected as a result of the temperature
changes in the mechanism.

Figure 6.17: Comparison of Bode magnitude plot of plant based on sinesweep at 77K and 63.5K.
Top: Result for θx-direction. Bottom: Result for θy-direction. No variation in response is de-
tectable.

6.5 Implementation issue: Stability of repetitive controller

When applying the repetitive controller we ignore the typical design rule for stability (|Qp1 �
zγSpkrLq|   1), in order to maximize the learning bandwidth. Stability is of course very im-
portant for the delicate hardware, but the necessary use of a Q-filter will limit the learning
bandwidth of the repetitive controller. The realizable learning bandwidth strongly depends on
the quality of the system identification and the ability of the L-filter to compensate for the reso-
nances within the required learning bandwidth. If for the final hardware fast settling can only
be achieved while ignoring the rule of monotonic convergence, the repetitive method will be
used to generate a satisfactory input signal, after which the learning is switched off. This signal
can then be applied to either the MbFF or the hybrid approach as an FF-input. As discussed in
Section 6.3.1, which one to choose will depend on the final system configuration.

We tested this scenario in simulation on the non linear MCCD model by first applying the
repetitive controller to the plant for a 0 to 8.5 mrad chop sequence. The repetitive method
generates an input signal which we then used as the FF input for both the MbFF and hybrid
control strategies. A close up of this simulation at the 8.5 mrad position after 10 seconds of
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chopping is given in Fig. 6.18. The different methods show comparable step results, which can
be explained by the high accuracy of the FF signal (small positional errors during the step and
accurate end position).
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Figure 6.18: Simulation of 5Hz chopping between 0 and 8.5 mrad on the non linear plant, apply-
ing the repetitive, MbFF and hybrid controller all using the input signal learned by the repetitive
method. Close up at 8.5 mrad position. Result after convergence of the repetitive controller and
switching to closed loop. Red dotted lines indicate 1.7 µrad positional stability limits.

6.6 Concluding remarks

We have discussed cryogenic design considerations and presented the mechatronic design of
the MCCD. We have tested the performance of the MCCD applying a hybrid control strategy
and compared the results to that when using a repetitive controller.

The hybrid control strategy has been developed to eliminate the typical negative effect of
the closed loop controller on settling when tracking fast reference profiles applying the stan-
dard MbFF technique. Simulation results presented in Section 3.6 show that for the considered
plant uncertainties, the hybrid method out performance the MbFF technique when fast refe-
rence signals are applied.

The hybrid controller shows good stability robustness to thermal variations in the plant and
positional repeatability is not influenced by internal temperature changes in the mechanism.
Early analysis results, during the development phase of the hardware, predicted a settling time
of the MCCD mechanism of  6 msec when applying the hybrid controller. These results are
presented in [27]. However, at this stage we did not consider the presence of hysteresis in the
system.
Detailed system identification revealed the presence of significant non linearities in the mecha-



90 6. High performance motion control of the METIS Cold Chopper Mechanism

nism. The developed non linear plant model clearly explains the observed non linear behaviour
of the plant. Accurate tuning of the non linear system parameters is however difficult, and the
approach was considered to be too complex for implementation in the final hardware. This
limits the performance of any MbFF approach (including the proposed hybrid controller).

The results of the repetitive controller are very promising. We applied an open loop learning
approach to show the possible performance of the repetitive control strategy without the need
for Sp inversion. The repetitive controller can handle the non linearities in the plant. When
chopping in the θy-direction we reach the reproducibility limit of the system, which means that
we make maximum use of its capabilities.
As the repetitive method is a well established control strategy with a firm mathematical back-
ground, and as it has shown its applicability to the hardware, this control strategy will be ap-
plied to the final MCC mechanism. If satisfying the stability criterion limits the settling perfor-
mance, the repetitive method will be used for learning of the input signal offline after which
this input can be applied as the FF-signal to the MbFF or hybrid method. Because of the high
quality of the learned FF-signal both methods show comparable settling time results.


