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Abstract

In this paper, experimental validation of a novel high-performance magnetic gearbox for space applications,
developed within the ESA ITI program is presented. This lubricant-free gearbox is manufactured using
SmCo magnets, with a well know space heritage [1] and provides an unprecedented torque density for this
sort of device (92.3 kNm/m3, 15.4 Nm/kg). A high efficiency in an extended temperature range (up to 92%
at -40°C and 500 rpm) has also been demonstrated, showing a potential advantage of the technology for
application in cryogenic environments [2]. Accuracy, zero backlash performance, and magnetic
contamination are also investigated.

Introduction and State of the Art

The working principle of a magnetic gear (MG) is similar to a mechanical gearbox. However, teeth are
replaced by permanent magnets so torque and speed conversion are produced by a modulated magnetic
field [3]. Power is transmitted without contact, therefore, lubrication is not needed; the lack of contact
eliminates wear and debris generation and potentially increases lifetime. They are also able to operate in a
wider temperature range temperature range from -200°C to 300°C. Finally there is no backlash, which
represents a potential advantage for accuracy applications [4] [5]. Additionally, MGs provide vibration
isolation between the motor and the payload and its inherent overload protection mechanism prevents
against potential catastrophic failures [6].

Despite all these advantages, up to now the technology has shown a low level of maturity and the developed
demonstrators are frequently heavy, present low torque capability, reduction ratios typically below 6, and
sometimes poor efficiency [7]. Magnetic pollution levels of previous breadboard models are significantly
high and not compliant with ECSS space standards [8]. In addition, MGs are usually manufactured using
NdFe magnets which are known to present several drawbacks for their use in space environments [9].
Figure 1 shows a summary of the state-of-art of this technology dividing between SmCo and NdFe magnetic
gearboxes. Model D57r10 is the gearbox described in this paper.

Number Author
Tsurumoto 1987 [10]
Fujita 2013 [11]
Iwasaki 2016[12]
Atallah 2004[13]
Penzkofer 2014 [14]
Uppalapati 2014[15]
Brénn 2010[16]
Pérez-Diaz 2013[17]
Jorgensen 2008 [18]
Kikuchi 1993[19]

© 0N o g |~ W N P

=
o

Figure 1. Summary of the state of the art of Magnetic Gearboxes
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The Innovation

In this paper, experimental validation of magnetic gear in a controlled laboratory environment is provided.
The MG is made of SmCo magnets with known space heritage. A high torque capability, a reduction ratio
of 1:10 and low magnetic pollution levels according to ECSS standards were demonstrated. A high
efficiency up to 92% at 500 rpm and -40°C is one of the strongest points of the technology. The elimination
of contact allows the optimization of power transmission in terms of efficiency. This provides the opportunity
of high weight savings in motor-gear assemblies at low temperatures where the use of solid lubrication
highly limits the efficiency and torque capacity of the systems. The performance demonstrated by this MG
is far superior to the current state of the art of the technology and opens the window for several potential
applications in space.

Model Description

The magnetic gearbox presented in this paper is composed of three main elements: an input rotor (1), an
output rotor (2) and a stator (3) as shown in Figure 2. Input rotor and stator are mainly composed of SmCo
XYG 32 permanent magnets while the output rotor is mainly composed of laminated soft magnetic alloy
teeth. Magnets in the stator are arranged in a Halbach configuration to maximize magnetic flux density
inside the gearbox. 72 magnets are used in the stator, with 18 soft magnetic teeth and 4 input magnets.
According to the reduction ratio calculation formula [20], the reduction ratio of the gearbox presented in this
paper is equal to 10.

Four ball bearings are used to support the radial loads (theoretically spurious) during operation and to allow
relative motion between the moving parts and the stator of the device. The selected bearings were
lubricated with low-temperature grease. Titanium grade 2 alloy has been used as structural material for the
housing, flanges and internal parts of the gearbox to obtain a good structural performance with a reduced
mass penalty. The relatively high electric resistivity of titanium also contributes to an improvement of the
efficiency of the gearbox at high speeds. Standard mechanical interface flanges have been designed. Fig.
2 shows the magnetic gearbox after assembly and the summary of the main physical properties and
performance specifications:

Figure 2. Assembled gearbox and summary characteristics
Test Set Up and Results

A dedicated test bench was set up to accurately characterize the breadboard model under different
temperature conditions from -40°C to 70°C, speeds and load conditions from 0 to 100% output load (lock
situation). Functional characterization tests were conducted, including static and dynamic performance,
temperature influence, gear ratio, transmission error, backlash, and efficiency and magnetic field
contamination.
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Figure 3. Dedicated test bench and a view of frozen model after -40°C test

Maximum Output Torque vs. Temperature

To evaluate the maximum output torque capacity of the gearbox, an infinite impedance is set at the output
shaft (braking torque significantly higher than the maximum expected torque in the gearbox). Then, the
input shaft is rotated slowly until slip occurs. The process is repeated 10 times in CW and CCW directions
to have a statistical characterization. The maximum output torque measured at different operational
temperature is depicted in Fig. 4 and compared to magneto-static FEM calculations. Results are in good
agreement with the simulation models.

Figure 4. Maximum output torque vs temperature characterization

Maximum output torque at 25°C is 17.840.1 Nm. It is clear that the maximum output torque increases at
low temperatures. A temperature sensitivity about -0.012 Nm/deg has been calculated. The measured value
of maximum output torque provides an actual torque density of 92.3 kNm/m?® and actual specific torque
15.4 Nm/kg at room temperature. The actual torque density is different from active torque density.
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Meanwhile the active torque density considers only the magnetic parts, the actual torque density considers
the whole volume of the device (bearings, shields, etc). Taking into account the material used (SmCo), the
gear ratio and the active torque density obtained, these results provide a significant improvement of the
previous state of the art [21].

Reduction Ratio

Kinematic reduction ratio is evaluated in dynamic conditions for various operational speeds between 50
and 1000 rpm, different load conditions and temperatures. Figure 5 shows a typical speed profile for the
kinematic reduction ratio characterization test.

Figure 5. Test bench and three breadboard models

The overall reduction ratio has been calculated at about 10+0.01 with no significant dependency on the
operational speed, load condition, or temperature.

Transmission Error
Transmission error of a gearbox is defined as:

TE = eoutput -

Hinput
T

where

Boutput 1S the angle measured in the output shaft.

Oinpue 1S the angle measured in the input shaft.

r is the theoretical gearbox reduction ratio, r=10.

The transmission error has been calculated at different speeds, load conditions and temperatures. Fig. 6
shows, as an example, the transmission error measured at 5 rpm, zero load condition, and room
temperature. Two main contributions to the transmission error have been found at about 2 and 9.2 output
degrees. Average RMS values of the transmission error under different load and temperature conditions
are calculated at about 290 arcsec. The same value was obtained under different temperatures and
operational conditions. The fact that the contribution to the transmission error can be deterministically
defined opens new opportunities to highly improve the accuracy of the gearbox by motor active control.
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Figure 6. Transmission error and FFT amplitude

Backlash

Backlash was also characterized for the magnetic gearbox. Reciprocating quasi-static motion of low
amplitude (from 1 to 10 deg) is induced in the input shaft. Then, the output rotation is observed and backlash
characterized. The experiment was repeated at various temperature conditions and different input relative
positions. The backlash observed was always below the DAQ system resolution (<20 arcsec).

Efficiency
The efficiency of the magnetic gearbox has been characterized at different operational conditions. In this

paper, results at different speeds and temperature for an output load of 50% of the maximum output load
are presented. Fig. 7 shows the efficiency measured at different temperatures and compared with FEM
results. Both values are in relatively good agreement. Efficiency obtained from experimental data presents
error bars up to 10% at low speeds due to test set up limitations. To improve the readability of the data,
error bars were not plotted on graph. Efficiency seems to remain higher than 90% even at low temperature;
this is one of the main strengths of the technology. On the contrary, mechanical gearboxes are highly
affected by cold temperatures, with efficiency of solid lubricated gears rapidly reduced to 10% at -25°C [22].

Figure 7. Efficiency test results at different temperatures

Magnetic Pollution

A critical parameter for instruments used in space is the magnetic contamination induced in the
surroundings. Frequently, scientific missions and on-board instruments require very low magnetic
contamination to assure that there is no interference with the satellite instruments. Scant attention has been
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paid to this critical issue in the past regarding magnetic gearboxes. Space standards establish that an
acceptable limit for magnetic contamination is a value of 0.2 uT at 1-meter distance from the device.

Fig. 8 shows the magnetic field contamination in the most unfavorable direction (radial) from the gearbox
vs. distance to the gearbox. A very good agreement with FEM results is observed. The measured magnetic
flux density at 1-meter distance is extrapolated from the FEM model of the gearbox. The value obtained is

equal to 0.15 uT, below ECSS limits. The equivalent dipolar moment calculated at 1-meter distance is about
1+0.2 A/m2,

Figure 8. Efficiency and magnetic pollution test results

Conclusions and Lessons Learned

A high-performance breadboard model of a magnetic gearbox has been designed for space applications,
manufactured and tested. The breadboard model demonstrated a reduction ratio of 10, with an
unprecedented actual torque density (92 kNm/m3, 15.4 Nm/kg), high efficiency for operation even at low
temperatures (92% at -40°C and 500 rpm), and magnetic pollution levels compliant with ECSS requirement
specifications. The results obtained showed a significant improvement in term of torque density and gear
ratio compared to previous developments and prove that MGs are competitive against mechanical
gearboxes.

During the project, the lessons learned are:

e High efficiency can be achieved for operation even at low temperatures by common techniques
such as soft magnetic material lamination or selection of low conductivity materials.

e Efficiency and torque capacity are little affected by the environment temperature

e Sources of inaccuracy can be well predicted by FEM models. The deterministic nature of these
errors allows multiple strategies to improve the accuracy and reduce the ripple.

e Magnetic pollution level is below ECSS standard requirements.
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