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Abstract. In recent years a very modern trend of space exploration activities – constructing, 
launching and operating nano-satellites, became very popular. One of the main problems in 
implementation and control of nano-satellite is ensuring accurate yet simple and small-sized 
attitude control equipment. Most of the equipment implemented for that task in the past was 
large, bulky and could be hardly used on extremely small CubeSat standard nano-satellites. The 
equipment under development for attitude control of the satellites is described in this paper. The 
equipment relies on implementation of piezoelectric transducers for rotation of spherical body – 
reaction sphere, thus ensuring precise three-axis attitude control of the satellite by means of 
single device. Description of the device under development with some calculations and 
examples of implementation of such instrumentation is further described in the paper. 
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Introduction 

 
In recent years due to the miniaturization, the instrumentation which used to be large and 

bulky in the past has decreased its dimensions tenths of times. Recently a brand new trend in 
science has formed – creation, launching and control of miniature “micro”, “nano” and “pico” 
satellites. Such small satellites  have the weight in the range of 1 ... 10 kg and due to their small 
price and short life cycle, are often used for purposes of education, technology demonstration, 
technology testing and science experiment. 

Fundamental problem in operation of such small satellites is their attitude control. Despite a 
lot of research in satellite attitude control systems done in the past, all of them were intended for 
use on large conventional satellites and can hardly be implemented in small satellites due to 
bulkiness and large weight. Generally there exist several technical spacecraft attitude control 
solutions: 

1. Implementation of thrusters (of different principles); 
2. Magnetic (passive or active); 
3. Inertial; 
4. Gravitation; 
5. Aerodynamic; 
6. Solar wind. 
The most precise mean of attitude control of spacecraft is implementation of inertial forces. 

One of such systems - implementation of "reaction wheels" - wheels of high enough mass 
producing torque opposite to the acceleration of its rotation [1, 2]. In usual systems implemented 
till this day, the fly wheels were accelerated (and rotated) by means of electric motors, due to 
that three of reaction wheels were required to control the attitude of satellite in all three axis. The 
quantity of needed reaction wheels together with complexity of electrical motor itself 
determined large mass and high price of the precise attitude control system [3, 4]. 

The instrument described in the paper implementing reaction sphere (instead of reaction 
wheels) could allow satellite three axis attitude control by means of single instrument (instead of 
three independent reaction wheels) [5]. Though the idea of implementation of reaction spheres 
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for satellite attitude control is not new, the gears intended for rotation of the sphere were based 
on electromagnetic principle (similar to electric motors), therefore they were large, bulky, 
extremely complex and expensive [6, 7]. Due to that fact such reaction spheres could hardly be 
implemented in case of small satellites [8, 9]. 

The idea and instrumentation further described could allow implementation of reaction 
sphere for three-axis satellite attitude control having minimal weigh, dimensions and low price. 

 
Piezoelectric actuation of reaction sphere 

 
The principle of piezoelectric actuators with several degrees-of-freedom have been 

implemented for quite a long time, the main advantages being small dimensions and extreme 
simplicity of mechanical part of the device, combined with high resolution of movement (both 
angular and liner) [10]. Due to these reasons it was decided to test the implementation of 
piezoelectric actuators with several degrees-of-freedom for reaction equipment [11]. 

The example of implementation of possible design of reaction sphere is shown in Fig. 1. The 
ferromagnetic reaction sphere (usually the stainless steel sphere) 1 is in contact with cylindrical 
piezoelectric transducer 3 via the intermediate element 2. The sphere is held in a position using 
permanent magnet 4. The electrodes of piezoceramic cylinder 3 are divided into three 
symmetrical sections by connecting to them the high frequency electric signal, the rotation is 
realized. 
 

  
Fig. 1. Possible construction of the 

equipment 
Fig. 2. Examples of piezoceramic hemisphere 

 
Another application of piezoceramics for rotating the reaction sphere is provided in Fig. 2. In 

this case the piezoceramics are manufactured in a form of hemisphere. The advantages of such 
hemisphere piezoceramics layout are: 
• By choosing the topology of electrodes three dimensional oscillations are generated, the 
parameters of which can be changed by adjusting the frequency of excitation; 
• There is a node of oscillations at which the attaching point can be positioned; 
• There is a decrease of dimensions in the case of implementation of hemisphere (compared 
to the cylindrical piezoceramics shape). 

Simple realization of hemispheric piezoceramics layout is shown in Fig. 3. In this case one of 
the higher oscillation modes is excited by connecting signal generator to electrode 1, thus by 
connecting signal generator to the electrode 2, the direction of the movement can be changed. 
The schematics of case when the rotation about the symmetry axis of the piezoceramics is 
realized, is shown in Fig. 4. That way the rotation of sphere about all three axes can be ensured, 
thus providing the change of momentum of inertia for full satellite attitude control in single 
compact device. 
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In the case of design illustrated in Fig. 5, the ferromagnetic sphere is hold in place 
implementing permanent magnet. In Fig. 6 a construction of reaction sphere with hemispheres 
attached from both sides and intended to fix the sphere in its place is shown. 

 

  
Fig. 3. Sectioned electrodes of hemispheric piezoceramic 

transducer 
Fig. 4. Connection of electrodes of the 

transducer to the signal generator 
 

  
Fig. 5. Laboratory test example of sphere with 

implementation of permanent magnet for sphere 
attachment 

Fig. 6. Test example of sphere with two 
hemispheric piezoelectric transducers 

 
The construction shown in Fig. 5 (implementing a constant magnet to hold the sphere in 

place) is quite promising in space environment since it allows reducing both the mass of the 
construction and negative forces of friction, which are unavoidable in the case of applying 
mechanical force onto the sphere to hold it in position. Additionally, influence of high strength 
magnet on the orientation equipment of the satellite (like magnetometers) should be further 
researched. 

 
Implementation of piezo reaction sphere on the satellite 

 
As was mentioned before, small satellites activities and market is highly growing in recent 

years. Therefore it is assumed that the best way of testing the proposed attitude control 
equipment and its initial implementation could be in CubeSat standard nano-satellites. 

The CubeSat nano-satellites are special satellites having the dimensions of 10x10x10 cm and 
mass of more than 1 kg. Such satellites are mostly constructed by universities or other 
organizations with the main task of education, fast technology demonstration and in-orbit 
equipment validation (Fig. 7). Such satellites are launched as auxiliary payload on the rocket 
together with main payload (large satellite). 

The task of piezoelectric “reaction wheel” onboard of the CubeSat satellite could be precise 
attitude control for any of the performed tasks (such as measurements, imaging, communication 
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etc.). The task of the reaction sphere would be precise positioning of the satellite along three 
axes, while coarse positioning could be accomplished using standard active magneto-torques. 
Since reaction sphere will have the saturation of momentum in the certain time frame (same as 
any reaction equipment), the active magneto-torques could also be used for its desaturation. 

 

 
Fig. 7. Example of CubeSat standard nano-satellite [12] 

 
It is considered that for attitude control of the satellite, torque capable of compensating the 

rotation of 8 deg/s of satellite, is sufficient [3]. Having in mind the dimensions of the CubeSat 
satellite (10×10×10 cm) and its mass (1 kg), the total momentum of inertia is in the range of 
1.67·10-3 kg·m2, which would require the torque of 2.33·10-4 Nm. Such torque could be 
produced by acceleration of 25 mm diameter steel sphere up to 500 min-1 (8,3 s-1). Such angular 
speed of rotation has already been reached in laboratory conditions. Therefore, to ensure precise 
attitude control of CubeSat standard nano-satellite, a 25 mm diameter steel sphere is required. 

As an example the project of 1 Unit CubeSat with piezo reaction wheel and the earth 
observation camera will be further described. Mounting of the camera, suitable for earth 
observation, was hardly possible in the past due to the need of precise satellite attitude control 
system. The project layout is shown in Fig. 8 and 9. 

 

  

Fig. 8. General view of the proposed satellite 
Fig. 9. View of the satellite with body structure 

and solar panels removed 

 
A detailed exploded view is shown in Fig. 10. All of the details of CubeSat (1U) are fitted 

inside a standard frame (3, 11) with standard power unit (4), UHV communication unit (5), 
attitude determination and control unit (ADCS) (6), camera (7), batteries (8), reaction sphere (9), 
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oscillations generator of reaction sphere (10), with solar cells with integrated magneto-torques 
(2) and communication antennas attached to the frame. All of the parts used for the satellite 
except for the piezo reaction sphere and its oscillations generator are standard and commercially 
available. The equipment installed in the CubeSat is sufficient for full satellite in-orbit operation 
and communication with earth station. 

 

 
Fig. 10. Construction of CubeSat 

 
As can be seen from Fig. 8, 9 and 10, reaction sphere can be integrated into the CubeSat 

structure to provide precise attitude control for earth observation. In this case attitude of CubeSat 
would be determined by means of attitude determination and control unit (ADCS), same unit 
providing the signals for attitude control equipment. The coarse attitude control could be 
performed by means of magneto-torques, integrated in solar cells (standard commercially 
available unit), while precise attitude control could be ensured implementing piezo reaction 
sphere. The desaturation of momentum of reaction sphere would be accomplished by magneto-
torques in the magnetic field of the earth. 

In conclusion, it can be stated that despite the obvious advantages of the implementation of 
piezo reaction sphere for attitude control on the satellites (including nano-satellites) such as: 
• Extremely small size of the gear; 
• Lack of mechanical parts ensuring high reliability; 
• Rapid reaction of the gear ensuring rapid attitude control of the satellite; 
• Low price of the reaction equipment, 
piezoelectric attitude control equipment has also some serious implementation drawbacks: 
• High energy consumptions (still to be determined); 
• Lack of the feedback on the sphere rotation (control of reaction sphere solely by satellite 
attitude determination system can sometimes be problematic); 
• Wear of contact areas sphere – contacting elements, fixed to the piezoelectric transducer 
(which in case of implementation on nano-satellites could be of less importance due to short 
orbital life cycle of the satellite itself). 
 

Conclusions 
 
The equipment for precise attitude control of small satellites is proposed ensuring accurate 

orientation at extremely low price, small dimensions and high reliability. Due to unexplored 
nature of implementation of piezoactuators with several degrees-of-freedom in space 
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environment, further research must be performed to determine the suitability of implementation 
of piezoelectric devices, described above. 
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