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ABSTRACT 

A position sensor is a feedback device and an integral 

part of any closed loop actuating space mechanism. This 

feedback device is often a potentiometer. A 

potentiometer gives a changing voltage in relation to a 

mechanical input. Potentiometers are used since the 

beginning of spaceflight and are relatively cost efficient. 

They are available from several vendors with a 

comparatively low lead time.  However, the mechanical 

sliding contact introduces additional mechanical 

resistance and limits the lifetime and speed. The physical 

sensing range may also be restricted, and the electrical 

output is noisy during later stage of lifetime.  

To overcome this limitation and complement the inhouse 

product portfolio at RUAG a development effort was 

initiated. The goal was to develop a simple low-cost 

position sensor able to replace or give a valid alternative 

to potentiometers. A contactless working principle was 

set as development goal. On costs and space heritage was 

put more emphasis than on resolution. The working 

principle of an optical encoder was adapted to the 

combination of a stainless-steel slit mask, permanent 

magnets, and hall sensor switches. The resulting low-

resolution contactless sensor was successfully prototyped 

and functionally tested. 

 

INTRODUCTION 

Nearly all spacecraft include mechanisms for operating 

the components like solar arrays, antennas, or science 

instruments. These mechanisms deploy appendages, 

open instrument covers or moving optical assemblies, 

solar arrays yoke etc. 

Electric motors are mainly the choice for converting the 

available electrical energy in movement with reasonable 

efficiency. Therefore, these mechanisms are driven by 

electric motors. All the motors in mechanisms are 

controlled by special radiation hard digital electronics in 

the spacecraft computer. The movement of these 

mechanism is controlled and detected by position sensors 

as feedback devices. 

 
Figure 1. Mechanism control law (simplified) 

 

The control loop is closed, position sensors provide the 

feedback value of the actual mechanism output position. 

This actual position is digitally compared with the 

intended target position. 

The required accuracy of position knowledge is strongly 

dependent on the application. Let us take for example an 

instrument cover. The opening aperture shall be of 

400mm diameter in this example. A cover of the same 

diameter has been hinged one sided on the aperture. A 

labyrinth seal of 5 mm height is situated on the cover and 

the aperture. The open and closed end positions are 

detected by end switches. In this configuration a 

movement of the cover by the height of the seals 

correspond to app. 0.71 degrees in angle. If proper 

arranged a rotation position sensor of 8 Bit resolution in 

conjunction with the end switches may be sufficient for 

this application. Another example maybe a rotating solar 

array. The output power of the solar array corresponds to 

the solar flux multiplied by the cosine of the solar 

incidence angle. Due to the cosine law relation a small 

variation in angle to sun will result an even smaller 

variation in the power output possibly below measuring 

threshold. The performance of a solar array for example 

varies with the cosine of the sun incidence angle. A 

variation of ±5° from normal angle produces a power 

variation of less than 1%. Technically, a high resolution 

is not required here.  

These two examples illustrate that relatively low 

resolution or coarse rotational position sensors have 

certainly their justification in spaceflight. In contrast 

when pointing a pencil beam antenna or a laser optic 

communication terminal the resolution needs to be much 

higher. 

  
Table 1. Overview of commonly used feedback devices 

 

In Table 1 example types of feedback devices used in 

spacecraft are listed. Potentiometer both fit the lower 

costs and resolution requirements. 

Since the beginning of spaceflight potentiometers are 

employed. For a constant input voltage, they provide a 

variable output voltage proportional to the mechanical 



 

position. These potentiometers possess the following 

favourable properties and drawbacks. 

 

  
Table 2. Potentiometer properties 

 

The list indicates that potentiometer have an equal 

number of advantages and drawbacks. This excludes this 

cost-effective solution from a more widespread 

application. Potential suppliers and institutions are 

pushing for the development of replacement technologies 

in recent years [1][2].  This paper will show a possible 

way for a potentially low cost and low-resolution 

alternative. 

With respect of the costs requirement the author looked 

at the basic functional principle. 

 
Figure 2. Potentiometer working principle in 

conjunction with spacecraft electronics 

 

Figures 2 show the potentiometer specific functional 

principle. When compared with other position sensor 

types as shown in Figure 3 the potentiometer excludes a 

significant part of the signal chain explaining the much 

lower costs. 

 
Figure 3. Arbitrary position sensor working principle in  

conjunction with spacecraft electronics – signal chain 

 

All the elements in the signal chain shown in Figure 3 

must meet the demanding requirements of spacecraft 

electronics. Each element in the signal chain adds 

significantly to the costs for the development and the 

single unit. 

A rough estimate on the cost impact is listed below. 

  
Table 3. List of potential cost drivers (estimate) 

 

At RUAG Space Germany the European market size for 

potentiometers was estimated to be app. 100 pieces 

annually in 2018. The specialized application and the low 

overall market volume make an investment extremely 

unattractive for potential suppliers even with institutional 

support. Therefore a low-cost development is most 

feasible option. 

  
Table 4. Mitigation of potential cost drivers 

(development goals) 

 

The goal is to reuse existing solutions and develop a 

technology that is does not use ASICs or software. With 

these parameters in mind a small development started in 

May 2018. 

 

SENSING ELEMENT SELECTION 

In Reference [2] a range of position sensing technologies 

are shown. 



 

Electromechanical 

The electromechanical position sensing technology 

involves mechanical actuated switches. This technology 

was rejected because the not contactless working 

principle, and space qualified switches are too expensive. 

 

Electrical variable resistance 

This is the technology class for potentiometer which shall 

be replaced. 

 

Magnetic 

This technology includes Reed switches, Hall Sensors, 

and various types of magneto-resistive elements. These 

types are working contactless and are readily available 

from multiple suppliers. This functional principle will be 

reviewed in detail. 

 

Capacitive sensing 

This contactless technology applies the effects of 

capacitive coupling. The change of electric charges will 

be measured. The available industrial sensor cannot be 

easily adapted for space use. The charge effects are small 

and require specialized electronics. Preserving the 

charges for long time from unintentional bleeding away 

requires in the eyes of the author a high isolation effort. 

The electrostatic charge of the spacecraft moving through 

plasma needs to be take in consideration and may further 

increase the isolation requirements. The required high 

sensibility of the sensing electronic makes is susceptible 

to noise and high-powered RF sources on the spacecraft. 

With all the described disadvantages this principle is less 

suited. 

 

 

Review of Magnetic Sensor technology 

Reed switches 

Reed switches are part of waveguide/coax RF switches in 

spacecraft. In industrial standalone types a large variation 

of the switching point from device to device has been 

observed. The availability of export restriction free 

European sourced types is unclear. The magnetic field 

orientation in relation to the housing shape is less 

favourable. This makes that technology not the first 

choice – however this point shall be reviewed to at later 

point in time. 

 

Hall Sensors 

Hall sensors detect the magnetic field normal to their 

sensing element and interface plane. The magnetic switch 

point possesses small tolerances. Analogue output, 

unipolar or bipolar, latching, and non-latching types are 

available. The use of analogue output Hall Effect sensors 

require external signal condition circuitry [5] and shall be 

avoided to meet the development goal. 

Although some of the commercially of the shelf (COTS) 

types possesses space heritage only a few were qualified 

by the manufacturer for use in space [8]. The Optek 

Technology (USA) high reliability radiation tolerant Hall 

Effect sensors were reviewed. The sensors of the OMH 

series work over a wide range of temperatures and supply 

voltages. They are housed in a ceramic case. A single 

sensor is available for less than one hundred Euros. 

According to the supplier, the OHS series is internally 

identical but will be delivered in a plastic case. 

 
Table 5. Reviewed Hall sensors 

 

The Infineon Technology AG based in Germany 

manufacture the TLE series of Hall Effect sensors. This 

type of sensors has been tested up to 38krad by third 

party. These European sourced parts are reported to be 

used in the ExoMars project [7]. Hall sensors were used 

in other space applications as well [8][10]. 

 
Figure 4. Hall Sensor scheme (Optek OMH series data 

sheet) 

 



 

Figure 5. Hall Sensor scheme (Infineon TLE49x5L 

series data sheet) 

 

In Figure 4 and Figure 5 a simplified scheme of switch 

type Hall sensor internal electronic is shown. Please 

note that a significant part of the signal chain front end 

from Figure 3 is already integrated on the chip level. 

 

 

Magneto-resistive Sensors 

Magneto-resistive sensors are analogue sensors working 

with a variety of effects. The giant magneto resistance 

(GMR) effect, the anisotropic magneto resistance (AMR) 

effect or the tunnel magneto resistance (TMR) effect is 

applied. Industrial grade sensors are the state of the art. 

In the simplest form theses sensor components possess a 

Wheatstone Bridge interface. Other sensors are highly 

integrated with on chip amplifiers and signal shaping and 

processing stages. Multiple suppliers offer different 

electrical interfaces. The sensing elements are reported as 

radiation resistant [11]. The Sensitec GmbH MR sensors 

were applied on die level on several space missions [3]. 

These sensors were not as integrated as digital Hall 

sensors with space heritage. The signal processing was 

done off chip [3][12]. That required multiple external 

electronic components [4]. This in turn requires an 

increased development and integration effort. 

 

Sensing elements trade off and selection 

The points from above were compiled in the trade-off in 

Table 6. 

At the point or writing MR-Sensors with space heritage 

were available only from one supplier in die form. The 

use requires substantial integration effort like chip 

bonding, encapsulation in the PCB, and external signal 

processing circuitry. This process will than allow the 

readout of one sensor. 

In contrast a digital Hall effect sensor with space heritage 

includes everything above and cost less than one hundred 

Euro. The Infineon variety even is available for less than 

ten Euro. 

 

 
Table 6. Sensing element trade-off 

 

Therefore, the digital Hall sensor was chosen as sensing 

elements for this development.  

However, the fast pace of technology progress makes it 

worth to revisit the trade off and the criteria in the future. 

 

Functional development 

With the selected sensing element, the working principle 

was developed. 

 
Figure 6. Working principle 

The Hall sensor will sense the magnetic field of a 

permanent magnet. A movable steel piece will prevent 

the magnetic field from reaching the sensor. The change 

in the magnetic field will result in changing the switch 

status of the sensor and give a usable electrical signal. 

When using the optical encoder functional principle, a 

similar assembly can be used. There an optical code disk 

possesses light transparent and light blocking areas and 

modulate the light path between a light source and a light 

sensor. 

The permanent magnet selected were of the Samarium 

Cobalt Sm2Co17 type. 

Figure 7 shows a code disk with magnetic transparent (4) 

and magnetic blocking (3) areas between a permanent 

magnet (2) and the magnetic sensor (1). In initial tests a 

Ø2mm hole in a 1mm thick piece of steel performed 

sufficient. 

 
Figure 7. working principle with moveable code disk 

The electrical output is digital. The magnetic sensor (1) 

and permanent magnet (2) mounted fix opposite to each 

other. A code disk is placed moveable in-between. 

Another possibility would be moving the magnets 

relative to the sensors. This has been done in the past in 

multiple applications. The drawback is that in this case 

the overall accuracy depends on geometry of an opposite 

magnetized track. When using single magnets, the 

integration effort is high and prone to error. A single code 

disk can be produced with high accuracy at low cost in 

any code pattern or material. 

In Figure 8 a potential 4-bit encoder solution is depicted. 

Each of the Hall Sensors (1) possess its own bit pattern 

track (6 to 9) and permanent magnet (2). The code disk 

rotates (10) around the centre axis (5). The most 



 

significant bit (MSB) track (6) is located closest to the 

axis of rotation (5). The least significant bit (LSB) track 

(9) is located at the outer circumference. 

 
Figure 8. working principle with rotating code disk 

 

The functional principle was verified by a simple 

breadboard shown in Figure 9. For simplified 

manufacturing, a hole pattern disk was used. The 

Aluminium body of 60mm diameter contained 3 Optek 

OHN 3019U Hall Sensors. Each of the Hall Sensors 

switched a red LED as indicator. The top cover was 

manufactured from clear plastic. Inside the top cover 

were through holes with a diameter of 1.5 mm and 

permanent magnets. The axial position of the disk was 

adjusted by washers.  

 
Figure 9. functional breadboard with hole pattern disk 

 

This setup was used for laboratory tests only. Initial 

geometric and engineering parameters like disk material, 

hole sizes, thickness and distances were explored. After 

successfully passing the basic functional tests the 

breadboard was reworked with 4 Infineon TL4905L and 

a Bit pattern disk shown in Figure 10. A simple binary 4-

Bit pattern was implemented. With the reworked 

breadboard valuable lessons could be learned. Laser 

cutting the code disk was cost effective but introduced 

some wrap making is unusable. In addition, the local heat 

treatment changed the magnetic properties. Water jet 

cutting was used instead. 

Handling more than 4 Hall sensors without a printed 

circuit board, PCB, would be not cost effective on 

production scale. 

For a 6 Bit or 8 Bit variety the functionally required track 

to track distance would demand a significant increased 

code disk diameter. 

The code disk shall be design in a way to prevent up-side 

down assembly. 

For a production model redundancy shall be included. 

 
Figure 10. 4-bit binary pattern disk 

 

Interface 

The so gained digital position need to be feed into the 

spacecraft electronic. The electrical interface shall meet 

the criteria given in Table 4. Any specialized Interface IC 

like RS-232, I²C or SpaceWire will not meet the cost 

criteria. 

Therefore, in the simplest form only a bit wise open 

collector interface leading to a MDM25 connector is 

foreseen. The connector shall be mounted directly on a 

PCB which also hold the Hall Sensors. The selection of 

Hall Sensors allows a supply voltage between 3.8V and 

24V with accordingly position signal levels for example. 

Here all sensor signals can be readout in parallel, 

digitally, and directly, by the spacecraft electronics. 

For compatibility reasons the connector of the product 

family will possess the bits always on the same order and 

pin position.  

A serial read out interface would eliminate the need to 

deal with n-Bit multiple cables. Here an 8-Bit 

HHC4021B shift register is foreseen. This would allow a 

supply voltage between 3.8V and 20V with accordingly 

position signal levels for example. The CMOS logic 

HCC4021B shift register is a European product included 

in the European preferred part list, EPPL, and radiation 

hard up to 50krad. A shift register allows to serialize the 

digital position data and transmit them with a lower 

number of cables. 

For a more traditional analogue voltage output, the use of 

a R-2R resistor ladder network is possible. Over this 

circuit the digital to analogue conversion will be done 

simple and inexpensive directly on the PCB. The position 

signal will be a step wise analogue voltage in relation to 

the supply. 



 

In that way a direct drop-in replacement of a 

potentiometer is possible. Here too, supply voltage 

between 3.8V and 24V are possible. The number of 

cables is identical to a potentiometer. In that 

configuration the replacement is electrically and 

mechanically identical to a potentiometer. 

In any case the required redundancy would double the 

number of cables mentioned above. 

 

Breadboard Tests 

The breadboard was modified to test the interface types. 

A conventional binary to digital, BDC, indicated the 

position in human readable numbers. The shift register 

translated the position in a serial data stream. An Arduino 

Nano single board micro controller feed the serial date in 

Computer compatible USB serial at 9600 baud for more 

convenient data collection. 

The readout electronic was designed to accommodate 

fully redundant encoders up to 8-Bit. 

 
Figure 10. 4-bit breadboard with readout electronic 

 

The readout electronic was designed to accommodate 

fully redundant encoders up to 8-Bit. The open collector 

Hall Sensor interfaces were equipped with a pull up 

resistors. Multiple bench top tests were made with the 

breadboard and electronics. Improvements shall be made 

mainly in the flatness of the code disk and bit order 

connection to the shift register. 

 
Table 7. 4-bit breadboard example test results (errors in 

red) 

 

Prototypes 

The experiences gained above were translated in two 

prototypes. Industrial quality parts and components were 

used. For improved accuracy, the resolution was 

increased to 6-Bit. Two code disks connected by a hollow 

shaft were used. In that that way the outer diameter of the 

encoder housing could be limited.  

 
Figure 11. 6-bit CAD model of prototype Ø48mm 

 

All Hall Sensors were soldered to a PCB placed between 

the code disks. So an additional radiation protection was 

realized. The Aluminium housing consist of two parts 

fixating all components. It is designed in a way that all 

machine operation could be performed from one 

direction only. All components employ “Poka-Yoke” 

design principle, supporting error free assembly. Hollow 

shaft, code disks, PCB and the housing halves can only 



 

be assembled in the correct way. 

At the time of writing in early 2021 the components of a 

parallel and a serial interface prototype could be 

manufactured and assembled. The housing halves were 

3D printed in plastic. 

 
Figure 12. Realized breadboard, Prototypes and 

electronic 

 

Conclusion and outlook 

Within this work an alternative to potentiometers was 

developed. The work shall continue with prototype tests 

and possible further refinement. For future application, 

the magnetic circuits shall be closed. Sales numbers and 

customer acceptance will indicate the value of this 

development in the future.  

This design is protected by RUAG Space Germany patent 

application DE 10 2019 112 423 A1. 
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