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ABSTRACT 

In the last years, the requirements for pointing accuracy 
and pointing stability of various mission types have 
become more demanding. This is the case for scientific 
and earth observation satellites, as well as for missions 
equipped with novel techniques like laser 
communication. The on-board micro vibration 
environment is a key driver affecting the pointing 
accuracy and stability at satellite level. 
In order to predict the performance of sensitive satellite 
equipment when subjected to a micro vibration 
environment a detailed characterisation of potential 
micro vibration sources and a good understanding of the 
system level dynamic behaviour and interfaces is 
required. ESA developed a set of test facilities to 
measure in a traceable manner the exported 6 degree of 
freedom dynamic interface behaviour of equipment 
when placed in representative operating modes. The 
results of these characterization tests are fed into system 
level analytical models in order to assess the influence 
on satellite level. The six degree of freedom micro 
vibration measurement system (6-DoF MVMS), a 
cutting edge measurement equipment, is the latest 
addition to the series of test facilities at the ESA ESTEC 
test centre, located in Noordwijk The Netherlands. 
RUAG Space as supplier of the SADMs for the MTG 
constellation has been the first user of the 6-DoF 
MVMS and completed already two test campaigns at 
the facility. The micro vibration performance of the 
mechanism was acquired with unprecedented accuracy 
and signal-to-noise ratio. In addition, the 6-DoF MVMS 
allows measuring interface torques and forces slower 
than 0.01 Hz, 100 times slower than the previously used 
reaction wheel characterisation facility (RCF). 
In this paper, on top of the results of the test campaign, 
we present a novel approach to simulate a solar array 
wing in a micro vibration test. With our approach we 
can simulate both inertia and frequency of the first and 
by far most significant mechanical mode of the wing 
without any interfering influence from a supporting 
structure. We demonstrate how such a setup has been 
used in practice and which important lessons were 
learned in the process. 
Furthermore, the paper presents the performance, 
bandwidth and accuracy of the 6-DoF MVMS facility 

when used in a realistic testing scenario and an 
overview of further measures already on-going to 
further improve the facilities. 
 
HISTORY 

Micro vibrations have been an issue in satellite 
engineering since the 1980s, when ESA and NASA 
jointly developed the Hubble Space Telescope (HST). 
Over the years, also the instruments on earth 
observation satellites reached higher and higher 
resolutions, thus requiring higher pointing stability. 
Other novel technologies, like space-space and space-
ground laser communication also contribute to increased 
line-of-sight stability requirements. A detailed overview 
over the history of micro vibrations is given in [1]. 
 

 
Figure 1  SADM with inertia dummy on RCF 

 
In the light of this development, ESA has been investing 
in facilities for the characterisation of micro vibration 
emissions of spacecraft equipment for the past several 
years. In 2012, the Reaction Wheel Characterisation 
Facility (RCF) has been introduced [2]. This facility, 
originally intended for the characterisation of inertia 
wheels, which are often the dominant on-board micro 
vibration contributor, has soon been used also for other 
mechanisms, which are second order contributors to the 
satellites micro vibration budget such as Solar Array 
Drive Mechanisms (SADMs), Cover mechanisms, or 
Antenna Pointing and Deployment Mechanisms 
(ADPMs) [3]. 
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Since the characteristics of these mechanisms as well as 
the nature of the generated micro vibrations are different 
than those of reaction wheels, the need for a different 
facility arose. A novel micro vibration characterization 
facility measurement concept was developed, designed 
and implemented  by the National Physical Laboratory 
(NPL) in UK under an ESA contract resulting in the 6-
DoF MVMS facility [4]. The main objective was to get 
a facility allowing the traceable characterization of all 
kinds of space mechanisms, in particular in the low 
frequency domain with high precision and low 
background noise. 
 
NOVEL FACILITY DESCRIPTION 

The novel facility, called the six degree of freedom 
micro vibration measurement system (6-DoF MVMS) 
consist of two subsystems stacked on top of each other. 
On the bottom, an actively controlled vibration isolation 
platform is located. The isolation platform rests on a 
negative stiffness mechanism and uses a dedicated feed-
forward and feed-back control loop fed by highly 
sensitive seismometers. The vibration isolation platform 
enables the mechanical decoupling of the platform’s 
load from ground vibrations with unprecedented 
performance. Hence, it ensures a quiet measurement 
environment for the measurement platform that is mated 
on top [4].  
The measurement platform allows two modes of 
operation: 
- measure the 6-DoF forces and torques exported by a 

specimen mounted on the test table 
- actively inject a pre-defined micro vibration 

environment in multiple axes simultaneously on a 
specimen, to test its susceptibility. 

 

 
Figure 2 Full View of the 6-DoF MVMS 

 

 
Figure 3 CAD View of the 6-DoF MVMS 

 
The measurement principle relies on an interferometer 
signal used in a closed loop control driving calibrated 
actuators. The measurement platform has been designed 
to allow the acquisition or production of very small 
forces and torques at very low frequencies. 
 
 

Payload range  
Mass [kg] 0 – 50 

Excitation mode  
Accelerations [ms−2] 10−5 – 10−3 
Angular Accelerations [rads−2] 10−5 – 10−2 
Frequency range [Hz] < 0.03 – 50 

Measurement mode  
Measure force [µN]  10-106 
Measure torque [µNm] 10-106 
Frequency range [Hz] < 0.03 – 101 

Table 1 Performances (as designed) of 6DoF MVMS 
 
 
The top of the measurement platform is equipped with 
M6 tapped holes in a 40x40mm pattern, to allow the 
firm mounting of test specimen. The complete 6-DoF 
MVMS system setup is designed to be vacuum 
compatible, however the validation under vacuum 
conditions has not yet been performed. 
 

                                                           
1 The actual measurement range is strongly dependent 
on the payload characteristics 



 

Validation against reference unit NUREU 

In order to validate any micro vibration measurement 
system, not only the 6-DoF MVMS, ESA developed a 
universal reference excitation unit (NUREU) (see 
Figure 4). NUREU provides a traceable force and 
torque excitation in a frequency range from 0.05Hz to 
10Hz with amplitudes ranging from 10-5N (10-6 Nm) up 
to 5N (1.5 Nm). In order to simulate micro-vibration 
excitations in the various degrees of freedom a 
horizontal and vertical set-up is needed. The NUREU is 
compact, easy to transport and fits into a small suitcase. 
 

 
Figure 4 Universal reference excitation unit (NUREU) 
 
 
MISSION SPECIFIC TEST SETUP 

For the first use of the 6-DoF MVMS, the SEPTA24, 
one of RUAG’s high power SADMs was characterized. 
The SADM’s main purpose during the satellite mission 
is to permanently orient the solar array wing towards the 
sun. This is typically achieved by using a stepper motor 
and a reduction gear box.  
In this specific mission, the maximum allowable 
exported torques were specified including any effects of 
the solar array. The test design therefore had to model 
also the main characteristics of the solar array wing. 
Since solar array wings for space are not designed for 
use under 1-g conditions, a dummy had to be 
manufactured. This dummy is intended to be 
representative for the first natural frequency around the 
rotation axis as well as for the related inertia. 
To avoid bypassing the vibration isolation platform, as 
well not to introduce any contributions from 
suspensions or other supportive devices, a monolithic 
mass with the required properties was designed. 
 

 
Figure 5 The solar array simulator mounted to the 

SADM on the 6-DoF MVMS 
 
The SADM was mounted to the measurement platform 
using a sufficiently stiff adapter, with its rotation axis 
oriented vertically (i.e. aligned with the gravity vector). 
The solar array wing simulator was then mounted on top 
only supported by the SADM. 
The handling of such a simulator proved to be easy, 
since the outer ring is quite stiff compared to the 
wheel’s inner parts. This protects the more delicate parts 
of the wheel during handling. 
During the tests, however, it was found that the centre 
of gravity (CoG) of the wheel is not perfectly aligned 
with the rotation axis. This led to a very slow change in 
the torques around the horizontal axes (Rx and Ry) 
when the wheel was rotated. Apart from creating an 
unwanted torque, the shift of the CoG caused the abort 
of the test after a short time since it caused a saturation 
of the sensitive instrumentation of the 6-DoF MVMS 
isolation stage. By tuning related control parameters and 
restricting the run duration to a maximum of 30 minutes 
the problem of the test abort was overcome. However, a 
clear contribution of the CoG shift to the test results 
remained. This effect is shown in Figure 6 below. 
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Figure 6 CoG shift: Ordinate torque in Nm; abscissa 
time in s; Rx(red), Ry(green) and Rz (blue) 
 



 

Deconvolution process  

The measurement platform is suspended on a low 
stiffness mechanism allowing a floating 6-DoF 
movement. Depending on the mounted specimen (CoG 
and inertia) the dynamic behaviour of the combined 
system (test facility and specimen) varies. To 
compensate for this effect, an experimental system 
identification is performed in form of a frequency 
response measurement. Each degree of freedom is 
excited stand-alone with a test force while the responses 
of all other axes are measured. This results in a 
complete frequency response matrix. Figure 7 shows the 
frequency response functions for all DoFs for a sine 
sweep excitation in vertical direction (z-axis). 
Later during the post processing the raw measurement 
data is then de-convolved to consider the dynamic 
behaviour of the test set-up. 
 

 
 
Figure 7 Frequency response of x (white) , y (red), z 
(green), Rx (blue), Ry (yellow), Rz (purple) on an test 
excitation in z-axis 
 
RESULTS 

As first result, we present the comparison of the 
background noise level. Figure 8 shows the comparison 
between the facilities. It is obvious that the facilities do 
not cover the same frequency range. The RCF is 
officially validated down to 1Hz, but recent experience 
implies that the data is reliable down to 0.1Hz. The 6-
DOF MVMS on the other hand, has an upper frequency 
limit of 10Hz. It needs to be noted that both facilities 
use different sensor technologies and therefore the 
sensor inherit noise is not comparable. Moreover, the 
measurement location used during the recording of the 
two datasets was not identical. Hence, the shown 
comparison should only considered as indicative and 
not as a quantitative comparison of facility 
performances. 
Nevertheless, the comparison shows that in the shared 
frequency range between 0.1Hz and 5Hz, the 6-DOF 
MVMS is in general superior in terms of background 
noise rejection. In some regions, the noise floor 6-DOF 
MVMS is up to two orders of magnitude lower when 
compared to the RCF 

 
Figure 8. Comparison of 6-DoF MVMS (red) and RCF 
(blue) background noise over the relevant frequency 
range 
 
It is important to state that the background noise is 
depending also on the test setup. In this case, where a 
large wheel is used to simulate the solar array wing, the 
wheel’s first mode (around 2.7 Hz) can be clearly seen 
also in the background noise plot. 
 
SADM exported torques 

Figure 9 and Figure 10 show the results of the SADM 
test campaign, covering the frequency range between 
0.1 Hz and 10Hz, where both facilities are showing 
reliable results.  
The comparison of the two facilities shows that the 
main frequencies exported from the SADM (being the 
motor full step frequency at 0.667 Hz and its harmonics) 
are identically rendered in both facilities. In both cases, 
sharp peaks to approximately 0.1mNm are measured.  
 

 
Figure 9. Signal recorded on 6-DoF MVMS with the 
SADM running (red) compared with background noise 
(blue) 
 



 

 
Figure 10. Signal recorded on RCF with the SADM 
running (red) compared with background noise (blue) 
 
The effect of the inertia wheel, however, is quite 
different with the two setups. The 6-DoF MVMS shows 
a dominant mode already in the background noise, 
which is amplified by roughly one order of magnitude 
when the SADM is running. In the RCF on the other 
hand, the peak related to the inertia wheel is sharp and 
significantly higher than in the 6-DoF MVMS. 
The origin of this difference is the different inertia 
wheel used during the tests. On the RCF, a reduced 
inertia simulator had to be used to satisfy the tighter 
mass limitation of the facility. This also explains the 
general tendency that peaks are higher in the 6-DoF 
MVMS measurement compared to the RCF. 
Looking at the low frequency peaks, there are two 
additional peaks present in the 6-DoF MVMS 
measurement lower frequencies. These peaks, 
representing modes at half and a quarter of the motor 
full step frequency, are not recognised by the RCF, 
since they are not sufficiently amplified by the smaller 
inertia wheel involved. 
Based on these observations it can be stated that the 
measurements are consistent, and all differences can be 
explained by the test setup or by other external 
influences. 
 
DISCUSSION AND OUTLOOK 

The measurements with the SADM including the large 
reaction wheel simulating the solar array has been 
successfully performed in the axis of interest (Rz) for a 
frequency range from 0.5Hz to 10Hz on ESA’s new 
6DoF MVMS facility. However, this setup has shown 
that the control stability of the novel test facility and the 
measurement uncertainty are very much depending on 
the payload characteristics. 
The payload, in particular one with large inertia, is 
coupling with the measurement system and, hence 
influencing the dynamic behaviour of the complete 
system. A payload with very slowly rotating elements 
may cause a relevant shift of the CoG during the 
measurement that may not be captured by the 

implemented instrumentation. This may lead to a 
residual tilt of the complete setup influencing the test 
results. To ensure a stable control of the 6DoF MVMS 
facility a dedicated tuning of the control parameters is 
required which required a significant time and effort 
before the actual test execution could start.  
Those shortcomings have been identified, and with the 
improvements described in this work it was possible to 
reach a measurement performance comparable or 
superior to the RCF facility in the shared frequency 
range. The measurements obtained with the 6-DoF 
MVMS are consistent with the RCF measurements on 
the same specimen, or well explained by differences in 
the setup or location. Nevertheless, the RCF remains a 
valuable facility for the measurement of the frequency 
range above 10 Hz, which is currently not covered by 
the 6-DoF MVMS.  
Further hardware and software modifications of the 6-
DoF MVMS system are presently on-going, targeting to 
an increase of the usable frequency bandwidth, to 
improve the control robustness and to reduce the time 
required to setup and tune a test specific setup. The 
updated facility capabilities will be subject to a 
validation campaign planned for 4th quarter of 2017. 
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