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Abstract 

This Master Thesis will briefly introduce the CubeSat and describe difficulties with precise pointing of 

the satellites. The major subsystem for attitude controlling, magnetic torquers and reaction wheels 

will be treated. Some basic design features of a reaction wheel and its motors power consumption is 

to be defined by mathematic equations. Further specifications of material, tolerances, ball bearings, 

lubricant and external disturbance torques are mentioned together with other requirements to space 

qualify a component or unit.  

The goal is to research, design, build, test and simulate a prototype model of a small, light and low 

power consuming four reaction-wheel-based attitude control system for cube-satellites using 

commercial off-the-shelf (COTS) motors. 

Based on the research and trade study a COTS brushless DC motor (BLDC) will be ordered and tested. 

The reason for choosing a BLDC is because it is the most common used motor for reaction wheel 

design according to a study made by NASA [12].  

Finally two motors were chosen for further testing, both are purchased from Micromo. The 

difference is that one of them (model 1525) have integrated drive electronics while the 1509 model 

have external drive components. The 1509 model provide more programming options for the motor 

and come in a smaller size, with the disadvantage that it need external drive electronics. The 1525 

motor is a more compact device with standard drive features integrated in the motor. 

A structure to hold four motors is also designed with the purpose of holding the motors as a compact 

package. Eventually a final product might come out of this concept design. 

The conclusion of the motor testing is that the 1509 motor consumes less power, create a sufficient 

torque, more programmable options and it runs smoother with less induced vibration and noise then 

the 1525 motor. The 1509 motor is recommended for further investigation and testing together with 

the concept structure design. 
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1 Introduction 
The expression “CubeSat” was introduced in 1999 by Professor Jordi Puig-Suari (California 

Polytechnic State University), San Luis Obsipo and Professor Bob Twiggs (Stanford Universtiy’s Space 

Systems Development Laboratory). A CubeSat is basically a small satellite with a cubic shape and the 

dimensions of 10x10x10 centimetres with a maximum weight of 1.33 kilo grams. This standards is 

said to be a “1U” CubeSat, but the satellite can also be designed as a 2U, 3U, 4U etc. where the size 

and weight limitations are increased.  

The idea of a CubeSat is to have accessibility to space for small payloads and experiments with a 

standard design that reduce time and cost for development. Therefore CubeSats are commonly used 

for student projects with an educational purpose. 

Due to the small size of a CubeSat there are some limitations. For example there is limited room for 

high precision payloads such as cameras with large lenses, precise attitude controllers and other 

equipment for the satellite to survive such as batteries and solar arrays. This requires small, light and 

low power consuming devices on board. Due to this CubeSats are usually not suitable for more 

sophisticated experiments and observations [1]. 

1.1 Difficulties with pointing accuracy 
Many mission opportunities require precise pointing. Due to the limitations of a CubeSat the most 

common attitude actuators are magnetic torque rods or coils. This controller generates its own 

magnetic field by letting a current flow through the coil windings. When this artificial magnetic field 

interacts with the Earth’s magnetic field it is possible to manoeuvre the satellite by adjusting the 

current flow of the coils. Unfortunately this technique cannot provide enough accuracy for high 

precision missions. 

Precision attitude controllers for satellites use reaction/momentum wheels. This method uses 

Newton’s third law that says: “For every action, there is an equal and opposite re-action.” [2]. This 

means that if there is a accelerating mass attached to the satellite its angular acceleration will force 

the satellite to spin in the opposite direction. By having a reaction/momentum wheel about each axis 

of the satellite it is possible to perform manoeuvres about the roll (X), pitch (Y) and yaw (Z) axis. 

Eventually the motor with the reaction wheel cannot accelerate any more (maximum speed 

reached). This is called saturation and it basically mean that it is no longer possible to perform 

manoeuvres of the satellite and you lose control. For saturation to not occur a momentum dumping 

procedure of the reaction wheels are necessary. Momentum dumping is commonly performed by 

thrusters or magnetic torque coils on board. These devices generate the opposite torque necessary 

to stabilize the satellite while decelerating the reaction wheels. 
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1.2 Objectives and tasks 
To proceed with the work necessary to complete this thesis the goal, requirements, constraints, 

deliverables and the timeline are documented below.  

1.2.1 Goals 

The goal is to research, design, test and simulate a prototype model of a small, light and low power 

consuming four reaction-wheel-based attitude control system for cube-satellites, and also investigate 

if the inertia of a motors shaft is sufficient for satellite manoeuvring without adding a reaction wheel 

to it. 

1.2.2 Requirements 

The requirements listed below are together with the Space Dynamics Lab (SDL) discussed and set to 

enable the design to fit the within the physical, operational and environmental conditions of a final 

3U CuteSat design. The prototype design of this thesis is to aim for these requirements and achieve 

them as much as possible but not maybe fit within all of them.   

The target requirements for a final flight system are: 

- Target size 10x10x5 cm including magnetic torquers  

- Target power consumption < 1 W (with 4 motors) 

- Target weight 200 g + Magnetic torquers 

- Create torques of up to 50 µNm/axis 

- Space survivability for about 1-3 years 

- Cost of prototype $1000-3000 

- Motor vibrations levels less than a to be determined value 

- Survive launch vibrations 

- 1800 slew manoeuvre in 1 minute  

- Momentum dumping less than once per orbit 

- Total Mass Loss (TML) ≤ 1.0% 

- Collected Volatile Condensable Materials (CVCM) ≤ 0.1% 

1.2.3 Constraints 

To be able to finish a fair amount of work within the dedicated time some constraints have been set. 

The constraints are listed below.  

- Only commercial off-the-shelf (COTS) motors and drive electronics will be investigated. 

- The thermal design for the motor heat dissipation into the structure design will not be 

investigated. 

- If time allows testing of the structure will also be conducted such as vibration test and 

thermal and vacuum testing. 
- Necessary parameters for space qualification will be looked at and mentioned in the 

research, but no actual space qualification is to be made for the prototype. 
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1.2.4 Deliverables 

The deliverables with this thesis are listed below.   

1. An overview where reaction wheel design parameters, disturbance torques, motor power 

consumption, space qualification parameters and a COTS motor trade study is researched 

and documented. 

2. A prototype of a 1 degree of freedom (DOF) system the drawings and performance test 

results will be documented. 

3. A simulation of a 3 DOF attitude controller together with an analysis and future work to 

improve the design. 

1.2.5 Timeline 

The dedicated time for the thesis is about one semester or about 20 weeks, which correspond to 30 

ESCT credits. To use the given time in the most efficient way a timeline is made, shown in appendix 

A. The timeline also help to know what to do, when to do it and when to finish activities to complete 

the though work on time.  

The time line includes room for a literature research where a motor and drive electronics 

investigation is ran simultaneously. Everything will be documented and hence be the beginning of 

the final report. The total amount of days given for research is 30 days, while the motor and drive 

electronics investigation have been given 25 days. During the last five days of the research and motor 

investigation a structure design phase will begin and elapse for 15 days while the motor is on order. 

The estimated time before delivery of the motor is 2-6 weeks. When the structure design is done the 

development phase will begin. This phase include making drawings and manufacturing of the 

prototype. Required time has been approximated to 15 days, based on the time of manufacturing 

information from SDL.  

When the motors and the structure design have been delivered the next activity is to test and 

evaluate them. The given time for this is 20 days. By the end of the testing session a phase of how to 

improve the design and motor performance will begin and elapse for 15 days. The remaining days of 

the 20 weeks is dedicated for completing the final report.  
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2 Theory - Literature review 
This section will go through existing technology of attempts to implements reaction wheels on 

CubeSats and exsisting COTS products of small attitude control systems. There after some basics 

reaction wheel design will though together with the different disturbance torques they have to 

overcome. This chapter will then move on with motor modelling of power consumption and round of 

with important parameters to investigate for a proper space qualification. 

2.1 Existing technology 
This section gives a survey of existing technology that has been implemented on CubeSat missions, 

and also available COTS products of CubeSat-like attitude control systems.  

2.1.1 Cube/small satellite reaction wheel implementation 

Even though it is difficult to implement reaction wheels on CubeSats due to power consumption and 

size issues a few attempts have been made. The different attempts are listed below in Table 1. In 

general the flights have been successfully besides the SwissCube and the AAUSAT-2. The SwissCube 

had a single axis reaction wheel, and problems occurred with controlling the remaining axes while 

spinning that wheel [4]. The AAUSAT had problems with receiving complete data packages and had 

some difficulties with getting full control of the satellite [5].  

Table 1. The table shows a list of existing CubeSats that have flown in space with reaction wheels. 
(AC = Attitude control, Sat = Satellite, RW = reaction wheel) 
 

Specification/Satellite BeeSat [7] SwissCube AAUSAT-2 CanX-2  SNAP-1 [6] 

Power (AC), W n/a n/a n/a n/a  

Torque (AC), Nm 1.5x10-6 n/a n/a 10-3 n/a 

Momentum (AC), 
Nms 

1.5x10-4 n/a n/a 0.01  

Dimension (AC), cm 2x2x1.5 /RW n/a n/a 5x5x4 /RW 4x4.7/RW 

Mass (AC), g 150 n/a n/a 120 /RW 80 /RW 

Dimension (Sat), cm 10x10x11.4 n/a 10x10x11.3 n/a n/a 

Mass (Sat), g 1000 n/a 750 3500 6500 

Organization Technical 
University of 
Berlin, 
Germany 

Different 
Universities 
around 
Switzerland 

University of 
Aalborg, 
Denmark 

University of 
Toronto 

University of 
Surrey, 
England 

Flight Success Good results Problems, 
Only 1 RW 

Tumbling 
problems, 
Acceptable 
results 

Good results Good results 

2.1.2 COTS reaction wheel systems 

The selection of available COTS reaction wheel systems are listed in Table 2. The company that has 

the largest collection of these products is Maryland Aerospace Inc. (the MAI series). The 

specifications of the MAI products are found at http:/cubesatshop.com, where they are also available 

for purchase.  

The next company that can provide an attitude controller for small satellites is SSVB, located in 

United Kingdom [10]. Their product is thus in the larger scale of small attitude controllers with a 

weight of 1.55 Kg, which might not be suitable for CubeSat applications.  
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There is also Princeton satellite systems that claim that they will have an attitude system ready by 

the end of 2012 [9]. Unfortunately no specification can be found about this product.  

Space flight laboratory now has an available product with the same type of reaction wheels used on 

the CanX-2 satellite. This is a 3-axis system with good performance, since they together with Sinclair 

Interplanetary and University of Toronto developed their own motor claiming that no COTS motor 

had good enough performance for their attitude control application [8].   

Table 2. Specifications of COTS attitude controllers. (The prices are from http://cubesatshop.com). 

Spec. MAI-
100 

MAI-
101 

MAI-
200 

MAI-
201 

MAI-
300 (1-
axis) 

MAI- 
400 

SSVB
, UK 

Princeton 
Satellite 
Systems 

Space 
Flight 
Laboratory 

Power, 
W 

1.5-4.5 2.4-5.6 5.4 5-8.4 1.7 1.6-
2.2 

< 2 n/a < 1 

Torque, 
mNm 

0.625 0.635 0.625 0.625 0.625 1 20 n/a 1 

Dimensio
n, cm 

10x10
x8 

7.6x7.
6x7 

10x10
x8 

7.6x7.
6x7 

7x7x3.3 10x10
x5 

10x1
0x10.
5 

n/a 9.5x9.5x6.
1 

Mass, g 865 865 907 640 317 694 1550 n/a < 1000 

Flight 
spec. 

Not 
found 

Not 
found 

Not 
found 

Not 
found 

Not 
found 

Not 
found 

Not 
foun
d 

Not found Yes 

Price, 
Euros 

28 206 11 432 35 830 30 493 10 670 n/a n/a n/a n/a 

2.2 Principal reaction wheel design 
A reaction wheel is basically a rotating disk with relatively high mass; since a higher mass (together 

with geometry) gives a higher inertia   (kgm2) of the wheel. This is shown in equation (1) where   

(kg) is the mass and   (m) is the radius of the reaction wheel. The inertia grows as the square 

radius of the wheel increases; hence a larger radius gives a significantly higher inertia. The mass in 

eq. (1) is derived by using equation (2), where   (kg/m3) is the material density,   (m) is the radius of 

the wheel and   (m) is the thickness [14]. 

  
 

 
                                                                                  

 

                                                                                      

 

Equation (1) applies for a homogeneous cylindrical body. If the wheel consists of varying thicknesses, 

shown in Figure 1, the inertia is first derived for each section (each thickness) and then added 

together as shown in equation (3). The inertia of the wheel is later added with the inertia of the 

selected motors shaft [14].  

        ∑                                                                           
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Figure 1. The figure shows an example of a reaction wheel with varying thicknesses and their inertia 

   and    . 

2.2.1 Reaction wheel modelling  

By applying a voltage    (Volts) to an electric motor a current   (Amperes) will float through the 

motor coils to be converted from electric to mechanic torque    (kgm2/s2), see Figure 2. Inside the 

motor there is a resistance   due to the coil windings. This is where the current induces a magnetic 

field acting on the motor shafts coil, forcing it to rotate. The resistance inside the motor results in a 

voltage drop called the back-emf,     , shown in equation (4) [13]. 

                                                                                         

The relation between the current to the motor and the torque Tm is described in equation (5) with 

the torque constant    (Nm/A). 

                                                                                        

The voltage drop inside the motor results in a loss of power. This power loss is called the “transfer 

power loss”,   . It is usually a small loss if the motor is in good condition without any faults. An 

expression of the transfer power loss is shown in equation (6), where   is the motor efficiency and 

   is the angular velocity.  

                                                                          

The      can then be described as in equation 7, where    and    (Vs/rad) are the same for a 100% 

efficient motor. 
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Together with the wheel dynamics in equation (8), where    is the total inertia of the motor (and the 

wheel),   is the viscous frictional effect and  ̇  is the angular acceleration, the above equations can 

be combined as 

        ̇                                                                        

Equation (4) is rewritten as, 

  
      

 
 

By substituting   in in eq. (5) with the rewritten eq. (4) and replacing the      in eq. (4) by eq. (7) we 

get an expression equal to eq. (8), shown below. 

           
      

 
     

       

 
       ̇           

The above expression is rewritten as, 

  

 
         ̇   

               

 
 

To get    alone a multiplication of   and division by              is made to both sides of the 

equation. This is shown below. 

(
  

          
)    (

    
          

)    ̇      

From the derived expression above the variables within the parentheses are constant and the 

equation can therefore be written as, 

   

         ̇                                                                              

Where   and   are constant variables. Hence equation (9) is the dynamic model of a 

reaction/momentum wheel [13]. 
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Figure 2. The figure shows a model of a DC motor, where   is the applied voltage,   is the current,   

is the resistance of the motor coils,    is the generated motor torque, 𝟂w is the angular velocity of 
the reaction wheel and      is the back-emf constant describing the voltage drop of the motor due 

to the electric-to-mechanical torque conversion. 

2.2.2 Reaction wheel power loss 

Since the power consumption is important when it comes to reaction wheel systems for CubeSats it 

is critical to model it. With the aid of the equations in the previous section (2.2.1) an expression is 

derived together with eq. (10), where   (kgm2rad/s) is the angular momentum about a fixed axis, to 

model the power loss. The power loss can be monitored by applying a command torque   , eq. (11), 

to the reaction wheel [13]. 

                                                                                         

        ̇                                                                                 

By rewriting eq. (10) and substitute that into eq. (8) as eq. (5) substitutes for the command torque 

(     ̇ ) in eq. (11) a new expression can be derived, shown below. The command torque 

  correspond to the motor output torque    so that       . 

           
 

  
 

From here   is solved to be alone on the left hand side of the equation. 

  
   

   
  

  
 

The input power     is given by multiplying the input voltage   with the current  . To not forget the 

power loss, the transfer power    in eq. (6) is included as shown below, 
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By using the above derived expression and substitute for   we get the following expression (where 

the transfer power loss is written back from        to   ), 

    (
   

   
  

  
)

 

                                                             

Another relation to express the motor transfer power     is shown below, 

                       
      

  
     

 

  
    (

 

  
)
 

                   

By using eq. (13) to substitute for    in eq. (12) the total power consumption of a reaction wheel can 

be obtained by knowing the torque and speed of the coupling expression in equation (14). [13] 

    (
   

   
  

  
)

 

   

(   
 
  

    (
 
  

)
 

)
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2.2.3 Electronics power loss 

Due to the electronic drive components necessary for the motor to function an additional power 

consuming device is to account for the total power consumption of the unit. The drive electronic 

consumption is expressed as constant values (C and D) in relation to the torque ( ), speed ( ) and 

the driver circuit. Adding these to eq. (14) gives the following expression shown in eq. (15).  

 

  
    

   (
   

    
  

 

   
)     (

   

  
   

  
 

   
 )                           

 

2.2.4 Reaction wheel saturation 

The momentum that is built up by accelerating the reaction wheel eventually causes the motor to 

saturate. When this occur it is necessary to perform momentum dumping, which is done 

consequently to not lose control of the satellite. The time   until the wheel saturates is described in 

eq. (16). 

  
  

  
                                                                                        

Where    (kgm2rad/s) is the angular momentum of the reaction wheel and    (kgm2/s2) is the total 

disturbance torque. [13] 
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2.3 External disturbance torques 
When a satellite is in space the environmental disturbances are less than on earth, but they cannot 

be neglected, because in space there is no friction to stabilize the satellite as on Earth. Therefor even 

the slightest torque in terms of µNm will affect the satellite and might cause it to spin out of control.   

The different external disturbance torques acting on a satellite in space are the gravity gradient-, 

magnetic field-, aerodynamic torque and solar radiation pressure. A description of each one can be 

found below.   

2.3.1 Gravity gradient torque 

The gravity gradient torque is caused by Earth’s gravity acting on the satellite. The effect decreases 

with an increase of altitude (farther distance from the Earth). The result of the gravity gradient 

torque is that the satellite will automatically line up the axis of most inertia towards earth. The 

gravitational force    (N) is depending on the mass    of the satellite and the distance from the 

satellite to the centre of the Earth    (m). This is described in equation (17). [11] 

    
    

  
                                                                                  

Where   is gravitational constant of the earth (  = 0.3986x1015 m3/s2).  The torques by the gravity 

gradient about each axis of the satellite is shown in eq. (18) as a summation of the moments around 

the centre of mass [11]. 

   (
  

   
) (       )                                                                        

   (
  

   
)                                                                             

   (
  

   
) (       )                                                                        

The total disturbance torque of eq. (18) results in an oscillation W, shown in eq. (19). [11] 

  √(
  

  
) (  

   
   

 )                                                                         

 

2.3.2 Magnetic field torque 

The magnetic torque can be compared with a compass, where the satellite is the compass needle. 

Since the satellite has its own induced magnetic field by the electronics components on board the 

satellite will then be adjusted and aligned with the earth magnetic field. The magnetic torque acting 

on the satellite can be described as with a dipole magnet by following eq. (20) [11]. 

                                                                                       

In eq. (20)   is the torque,   is the dipoles magnetic moment and   is the local flux dentisy. To not 

let the magnetic torque control the satellite, electromagnets can be installed on board the satellite. 

For 3 axes controlling an electromagnet about each axis is necessary. The induced torque by the 

electromagnets can be described in terms of the current   going through a coil together with the 
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number of windings   and the cross sectional area of the coil  . This is shown in eq. (21) where  ̂ is 

the unit vector in the direction of the coil’s axis [11]. 

         ̂                                                                          

Electromagnets (or magnetic rods/coils) can be used for both controlling the satellite or as 

momentum dumping is devices.  

2.3.3 Aerodynamic torque 

Aerodynamic torque is caused by the aerodynamic drag force caused by particles relevant for heights 

up to 600-700km. For total torque determination of the aerodynamics the torque of each singe 

surface of the satellite have to be derived and summed together.  

This is done by letting one surface represent an element where the acting torque of that element can 

be determined by the cross product of the drag force       and the distance vector    from the 

satellites center of mass. The elements then are summed to represent the total torque      , shown 

in eq. (22) [11]. 

      ∑                                                                               

 

   

 

                         
 

 
     

     ( ̂   ̂ )     (  ̂ )                                     

and where   is the atmospheric density,    is the air relative velocity of the satellite ( ̂ represent a  

dimensionless vector),    is the drag coefficient,    is the surface area ,  ̂ is the unit normal vector, 

 ̂   ̂  > 0 for surfaces exposed to the particle flow. 

2.3.4 Solar radiation pressure (SRP) 

The solar rays carry a relatively small amount of momentum that will act on the satellite when hitting 

its surface. The induced force depends on the distance between the satellite and the sun. Usually it is 

a satellite’s large solar arrays that are the most exposed unit to the SRP. To compensate this 

satellite’s usually have equal sized solar arrays on each side of the satellite to balance the torque.  

As with the aerodynamic torque, the SRP torque is a summation of the cross product of the force and 

the distance from the satellites centre of mass to the surface shown in eq. (23), 

     ∑                                                                                

 

   

 

                                 [       ̂            
 

 
    ̂]                                    

,where P is the mean momentum flux (4.67x10-6 Nm-2 for the earth),         ̂  ̂  is the radiation 

incident angle,    and    are values for specular and diffuse reflection and    is the distance vector 

from the satellites center of mass to the affected surface. 

Note: The SRP is not the same thing as the solar wind pressure. The solar wind contains highly 

energetic particles from the sun and is usually of several magnitudes less than the SRP.   
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2.3.5 Simplified equations of worst case disturbance torque 

To estimate the disturbance torque for a worst case scenario the simplified equations from [15] 

shown in Table 3 can be used. 

Table 3. The table is listing the simplified equations to estimate a worst case scenario of disturbance 
torques acting on the satellite [15]. 

Disturbance Equation 

Gravity gradient torque 
    

  

  |     |  

Magnetic field torque           

Aerodynamic torque     ∑                    

Solar radiation pressure torque                     

  = The gravity gradient torque, µ = The Earth’s gravity constant (3.9 x 105 km3/s2), R = the orbit 

radius from the center of the Earth,    and    is the moments of inertia about the specific Z and Y axis 

(if X < Y, the X axis is used instead). 

  = The magnetic field torque,   = the residual dipole of the vehicle,   = the Earth’s magnetic field 

in gauss (estimated by 2M/r3, where M is the magnetic moment, 8x1025 emu at the Earth and r is the 

distance from the center of the Earth to the spacecraft in centimeters). 

   = the aerodynamic torque,   = the aerodynamic force,   = the distance from a surface to the 

center of mass of the spacecraft,    = the atmospheric density,    = aerodynamic coefficient of the 

spacecraft geometry,   = the surface area of the spacecraft,   = the spacecraft velocity.  

    = the solar radiation torque,   = the solar constant (4.617 x 10-6 N/m2),   = the surface area,    = 

the distance from the where the pressure is to the center of mass of the spacecraft,   = the 

reflectance factor (from 0 to 1),   =  incident angle of the sun. 

 

2.3.6 Estimation of worst case external disturbance torques acting on a CubeSat 

According to the external disturbance torque estimation of the SwissCube [16] the following values in 

Table 4 were achieved.  

Table 4. In the table is an estimation of the external disturbance torques of the SwissCube [16]. 

Disturbance Torque estimation (Nm) 

Gravity gradient torque        

Magnetic field torque        

Aerodynamic torque        

Solar radiation pressure torque       

Total          
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2.4 Motors 
There are many motors available today with different standards such as direct current (DC), 

alternating current (AD), brushed, brushless, stepper motors and server motors etc.  

According to an investigation made by NASA [12] of which type of motor is most suitable for a 

reaction wheel application the brushless DC-motor (BLDC) was concluded to be the best motor. The 

reason is because it’s long life time, no brush seizure or wear, fast response rate/acceleration, high 

torque, speed sensing and control, high efficiency and low heat dissipation. Compared to the stepper 

motor which is similar to a BLDC motor, the stepper motor will generate more vibrations hence more 

noise, which is not preferred in space application close to sensors etc.. Advantages and 

disadvantages of the BLDC are listed in Table 5.  

Table 5. The table is listing the advantages and disadvantages of a Brushless DC motor [12]. 

Advantages Disadvantages 

High speed (up to 100 000 RPM) Higher electronics cost 

High torque at high speed Greater motor driver 
complexity 

Approximately double the output 
torque over brushed motor of the 
same size 

 

Windings on the stator instead of the 
rotor improves heat dissipation 

 

No brushes, so motor lasts as long as 
the bearings hold up 

 

Higher efficiency  

Vacuum compatible  

 

2.4.1 COTS parts in space 

The reliability of mechanisms in space must be high to ensure survival of the extreme conditions of 

vacuum, microgravity, temperature and radiation etc. also must the mechanism survive the heavy 

vibrations from a rocket launch without any displacement, degradation or failure. Therefore tough 

requirements are set on these components and mechanisms for approval, since there no chance to 

replace components after launch [3]. 

As described the space environment is harmful, especially to COTS devices which are not designed 

for these conditions. Since many COTS components are made of plastics an increased outgassing will 

occur in the vacuum environment. The solution is to encapsulate the plastics with another plastic 

that is space qualified (the same plastic used for protection of circuit boards). This method I believed 

to increase the electrostatic discharge, but in low Earth orbit this effect is insignificant for relatively 

small satellites [11]. 

From a thermal aspect the COTS components temperature range is usually not enough to cover for 

the space conditions. Therefore it has to make ensured that the thermal control system can 

compensate that. If COTS parts is to be used it is recommended to look for components with 

extended temperature rangers such as them with industrial specifications (-25 to +85 oC) [11]. 



 

24 
 

Radiation from different sources such as the radiation belts around Earth (Van Allen belts), galactic 

cosmic rays and highly charged particles form solar flares etc. are important to in count when 

choosing a COTS component. The reason for that is that usually COTS parts fail when exposed to the 

space radiation. The solution is to shield the component by using high a high density metal such as 

copper, tantalum or tungsten [11]. 

2.4.2 Long term space survivability 

This section will mention important parameters that are critical for space survival of a unit or 

mechanism. 

2.4.2.1 Ball bearings 

A usual and critical failure for parts in space is ball bearing failure. If the bearing would fail, the whole 

mechanism would subject the mission to fail. It do not necessarily have to mean that the bearing cut, 

but it can start creating unwanted noise due to contaminant, lack of lubricant, wrong material, bad 

material treatment or bad tolerances. Because of this new methods are developed to manufacture 

ball bearing to prevent these kind of failure. Processes such as compositional control, vacuum 

induction melting (for “clean” steel), vacuum arc re-melting (to reduce gas and non-metallic 

inclusions) and heat treatment etc. must be performed for the bearing to be premium qualified for 

space application. Material compositions that are commonly used for this purpose are shown in table 

6.  

The material is not the only important parameter to qualify ball bearing. Also the tolerances of the 

bearing rings and balls are also critical. In Table 7 and 8 are specifications of these tolerances 

respectively, according to the The American Bearings Manufacturers Association (ABMA) standards 

[3].    

Table 6. The table is listing typical materials for ball bearings suitable for space application [3]. 

Material for races and balls Materials for retainers Material for shields, 
seals, coatings 

AlSl 440C AlSI 30x (Metallic) Flouroelastomer 

AlSl 52100 Phenolic (Porous) Titanium carbide 

BeCu bar Polyimide (Porous) Thin, dense chrome 

 PTFE (Non-porous)  

 Filled PTFE (Non-porous)  

 Filled polyimide (Non-
porous) 

 

 Filled PAI (Non-porous)  

 

Table 7. The table shows examples of space qualified ball bearing ring tolerances set by the ABMA 
[3]. 

 Mean upper/lower 
(mm) 

Inner ring 0.00254/0.00508 

Outer ring 0.00254/0.00762 

Inner and outer width 
tolerance 

0.00254/0.127 
(0.00254/0.508 for 
duplex bearings) 
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Table 8. The table show examples of space qualified tolerances by ABMA for the diameter of ball 
bearing balls, spherical form and surface roughness [3]. 

Grade Diameter 
variation (µm) 

Spherical 
form (µm) 

Surface 
roughness (µm) 

3 0.08 0.08 0.012 

5 0.13 0.13 0.02 

10 0.25 0.25 0.025 

16 0.4 0.4 0.025 

24 0.6 0.6 0.05 

48 1.2 1.2 0.08 

100 2.5 2.5 0.125 

2.4.2.2 Lubrication 

Due to the lack of gravity in space, lubrication of mechanisms becomes essential to prevent failure. 

There are two different types of lubricants, namely solid- and liquid lubricant. The solid lubricant can 

be found as thin films or powder commonly used for low or medium number of cycles, moderate-to-

low contact stresses and in though environments.  

The liquid lubricant can be either oils or greases. It is found in mechanisms that have many rotational 

cycles, such as momentum and reaction wheels. For liquid lubricants the mechanism structure is, in 

most cases, designed in such way that the lubricant stays within the critical contact areas to prevent 

escaping by creep, evaporation or centrifugal forces [3]. 

For the space application the liquid lubricant should indicate properties such as non-volatile, have a 

good fluidity from about -73 to +250oC, small change of viscosity with varying temperature and good 

lubrication properties. In Table 9 some sample lubricating oils are listed. The properties of each one 

of the oils are typically found in a data sheet by the manufacturer [3]. 

Table 9. The table shows examples of lubricant oils used for space application [3]. 

Petroleum oils Synthetic oils Synthetic greases  

Coray 46 (naphthenic) PAO lubricating oil MAC lubricating grease 

Apiezon C (paraffinic) NPE lubricating oil PFPE lubricating grease 

KG-80 (paraffinic) MAC lubricating oil  

 PFPF lubricating oil  

 

While producing the lubricating oil or grease the cleanliness is important. The lubricant is in most 

cases ultra-filtered to separate dust particles and contaminants. In Table 10 the grades of the 

cleanliness levels of the lubricant for space application is shown. Typically level 100 is specified, but 

for very small bearings level 50 or better of cleanliness is recommended for oils. 
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Table 10. This table lists the levels of cleanliness of oil lubricants for space application [3]. 

Cleanliness 
level 

Particle size (µm) Max. quantity 
of particles per 
100 ml 

25 >5, ≤15 
>15, ≤25 
≤5 

3 
1 
165 

50 >5, ≤15 
>15, ≤25 
>25, ≤50 
≤15 

25 
7 
1 
265 

100 >15, ≤25 
>25, ≤50 
>50, ≤100 

78 
11 
1 

2.4.2.3 Outgassing 

As mentioned in [1] for a CubeSat design the outgassing should be minimal to prevent contamination 

of payload etc. These criteria’s are expressed in Total Mass Loss (TML) and Collected Volatile 

Condensable Material (CVCM) when the material is exposed to the space environment. In Table 11 

the requirements for TML and CVCM for a CubeSat is listed. 

Table 11. The table show requirements of the Total Mass Loss (TML) and Collected Volatile 
Condensable Material for a CubeSat to be space qualified. 

TML CVCM 

≤ 1.0% ≤ 0.1 % 

 

2.4.2.4 Vibration survival 

There are different types of vibrations that affect the satellite during its lifetime such launch-, 

deployment- and motor vibrations etc. Therefore it is important to test the hardware to evaluate its 

performance and survivability to suit the mission.  

To determine the natural frequency of the hardware a sinusoidal vibrations sweep is used, while a 

random vibration test is used to detect defects in the material and design. To ensure that the 

hardware can take heavy shocks from launch and stage separation during launch a pyro shock test 

might be used. For the sinusoidal and random vibration test a shakes table is used. If the shaker table 

is good enough it might also be used for the launch vibration test.  

Typical frequencies that a satellite experience is listed in Table 12 [17].  
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Table 12. The table shows example of typical frequencies a satellite payload may be exposed to 
during its lifetime [17]. 

Type of vibration Max. 
Frequency 
(Hz) 

Flight operations 10 

Maneuvers during ascent 10 

Seismic loads 20 

Liftoff release 20 

Rocket motor ignition 
overpressure 

40 

Stage and fairing 
seporations 

50 

Engine/motor thrust 
transients 

100 

Solid motor pressure 
oscillation 

1000 

Engine/motor generated 
vibrations 

2000 

Engine/motor generated 
acoustic noise 

10 000 

Aerodynamic sources 10 000 

Onboard equipment 10 000 

Pyrotechnic events 100 000 

 

2.4.2.5 Vibration test requirements for space qualification 

To vibration qualify a payload for space flight it is necessary to meet the selected launch vehicle 

specifications. If no launch vehicle is yet determined the GSFC-STD-7000 standards by NASA should 

be followed. Below in Table 13 is a survey of the GSFC-STD-7000 standards to meet to qualify a unit 

for a space transportation system (STS) or an expandable launch vehicle (ELV) [19]. 

Table 13. The table specifies the GSFC-STD-7000 standards by NASA to qualify for space flight with 
either a space transportation system (STS) or an expandable launch vehicle (ELV). [19] 

Requirement Minimum probability level of 
success 

STS payloads ELV payloads 

Structural loads 99.87/50 (1, (2 97.72 (2, (3 

Vibroacoustics 
Acoustics 
Random Vibrations 

95/50 (4 95/50  

Sine Vibration 99.87/50 (2, (5 97.72/50 (2 

Mechanical shock 95/50 95/50 
(1 The probability should be 99.87% of not exceeding limits, with a 50% confidence. 

(2 If statistical methods are used to determine the limits, the data should show a satisfactory fit to the 

underlying distribution. 

(3 The probability should be 97.72% of not exceeding limits, with a 50% confidence. 
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(4 The test should show at least a 95% value estimated with 50% confidence. 

(5 Sine vibrations apply to STS payloads only if the required simulate sustained periodic environment 

from upper stage or apogee motors etc. 

The limit standards are usually shown in a log-diagram (Figure 3) with frequency (Hz) versus power 

spectral density (g2/Hz). The diagram is shown below for a space shuttle environment [19]. If no 

launch vehicle is yet determine this is a good standard to test against to be able to space qualify the 

payload.  

 

Figure 3. The figure is showing a log-diagram of the random vibration requirement that should be 
kept for space flight qualification [19]. 
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2.4.2.6 Thermal and vacuum test 

A thermal and vacuum test shall be made to ensure that the payload can operate in a proper way 

when applied in space. This is done by a simulated space environment in a thermal and vacuum 

chamber. The general requirements for this kind of test are obtained from the GSFC-STD-7000 

standards and listed below [19].  

1. A satisfactory operation by the payload, within its limits, in the vacuum and thermal 

conditions of space. 

 

2. The thermal design system should maintain the payload within the thermal limits during the 

mission time. 

 

3. The payload should withstand thermal and humidity conditions during storage, 

transportation, launch and flight etc. 

 

4. The hardware design must be sufficient to pass thermal cycles in vacuum. 
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3 Trade study 

3.1 Available COTS brushless DC motors 
Commercial motors can be found at many different places and dealers. The interesting companies 

with small sized BLDC motor products are listed below. 

- Maxon Motor (http://maxonmotor.com) 

- Micromo (http://micromo.com) 

- Applimotion Inc. (http://applimotion.com)   

- Nidec (http://www.nidecamerica.com) 

- Anaheim Automation (http://www.brushlessdcmotors.net) 

Maxon motor is a worldwide company that heritage form Switzerland. They are focused on providing 

specific customer solutions.  

Micromo is a part of the Faulhaber groups that heritage from Germany and the inventor Dr. Fritz 

Faulhaber. Micromo is located on the North American market. 

Applimotion is a company focused on implementing solutions for customer requirements.  

Nidec America is a costumer based company with top-ranked suppliers of cooling fans and BLDC 

motors for leading edge technology worldwide. 

Anaheim Automation has BLDC motors designed for high volume original equipment manufacturer 

applications with low cost as the primary goal. 

3.2 COTS motor selection 
There are many different suitable motors available by the above mentioned companies, therefor a 

trade study is necessary. The trade study will conclude which motor that it most suitable for further 

testing. Basically the trade study is to list the motor in a table and by using colours rank their 

specifications to some set thresholds that correspond to the requirements.  

When the grading is set for each motor it is possible to read from the table which motor that would 

be a good selection for further testing e.g. a motor with more amounts of green colours on its 

specification would be more suitable then a motor with red colours.  

The specifications to be evaluated of the motor are the power consumption, torque, weight, 

saturation time (without added inertia to the shaft), direction of rotation and power to weight ratio. 

The thresholds to grade each motor specification are given in Table 14. The power is determined but 

looking at the output power of each motor and divide that by the efficiency to get the input power to 

the motor. The torque is directly obtained from the motor specification sheets as well as the weight 

and rotation direction. The saturation time is derived by using eq. 16 with the disturbance torque as 

1 µNm. The power to weight ratio is obtained by dividing the power consumption by the weight of 

the motor. The result of this is listed in Table 15. 

Further on the price (including driver electronics) and accessibility for selected motors from Figure 15 

is to be investigated as well.  

http://maxonmotor.com/
http://micromo.com/
http://applimotion.com/
http://www.nidecamerica.com/
http://www.brushlessdcmotors.net/
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Table 14. This table is showing the thresholds to meet to grade the motor. The green colour is close 
to or within the requirements set in chapter 1.2.2, while the yellow, orange and red colour is 
gradually diverging from the requirements. The threshold set for the saturation time is based on an 
orbit elapse time of 100 minutes (6000 seconds). 

Requirement Good Decent Poor Bad 

Power (W) < 0.3 0.31-0.5 0.51-1 1.1 < 

Torque (mNm) >0.05 0.04-0.03 0.03-0.02 0.02-0.01 

Weight (g) <10.0 10.0-20.0 20.0-30 30< 

Saturation (s) 1000 < 500-1000 100-500 < 100 

Rotation 
Both 
directions     

One 
direction 

Power/Weight 0.7 < 0.5-0.7 0.3-0.5 0.3 > 
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Table 15. This table shows a compile of different motors from different manufactures. The colours 
represent the thresholds from Table 14. Values for the voltage and speed are nominal. 
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The motors in Table 15 with the following criteria’s will be excluded from further investigation: 

- A life expectancy less than one year (such as most of the motors from Nidec).  

- Motors with sleeve bearings will be excluded due to difficulties with proper lubrication to 

minimize wear and friction in space application.  

- Motors marked as red with “bad” power consumption. 

- Motors with a lack of necessary specifications to be evaluated. 

- A motor with only one rotational direction. 

After going through the above criteria two motors are be selected for a further investigation, namely 

the 1509 and the 1525 model from Micromo, showed Table 16. Further specifications, schematics 

and a quote are attached in Appendix K. 

Table 16. The table shows the motors that are selected for a further investigation. Each specification 
is marked with green if it has the advantage over the other motors corresponding specification. 

Company Model Power 
(W) 

Torque 
(mNm) 

Weight 
(g) 

Saturation 
(s) 

Accessibility 
(Weeks) 

Price 
($) 

Micromo 1509(006B) 0.55 0.6 6.9 115.6 1-2 84.4 

Micromo 1525(U009BRC) 0.4 1.8 16 368.5 1-2 165.2 

 

Further specifications worth mentioning about the 1509 motor benefits such as  

- No cogging 

- Precise speed control 

- Low current consumption 

- Long operation lifetime 

- Operational temperatures range from -20 to + 60 oC 

- Frequency output of the speed data 

While the 1525 has the benefits of: 

- Integrated drive electronics 

- Robust construction 

- Easy to use  

- Integrated current limiting  

- No cogging within its speed range 

- Operational temperatures range from -25 to + 85 oC 

- Frequency output of the speed data 

When looking at the 1509 motor specification sheet found in Appendix K show that the motor can be 

operated with 0.25 watts with a torque of 0.16 mNm at full recommended speed (16 000 rpm). This 

specification cannot be found about the 1525 motor.  

3.2.1 Electronic drivers 

To run the motors additional devices are necessary such as electronic drivers and a programmable 

board for the 1509 motor and a nothing additional for the 1525 model (since the electronic drivers 

are integrated). The 1509 motor can be controlled with analog speed control but also by setting a 
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fixed speed through the speed controller. The 1525 motor can only be operated with a 0-10 V analog 

input. The specifications for the driver electronics and the programmable boards are found in Table 

17. In Table 18 the total price of the motors and its driver electronics is listed.  

Table 17. Sample specifications of the driver electronics and the programmable boards for the 1509 

motor (the full specifications are found in Appendix K). 

Unit Model Power 
supply 
(Electronics
, V) 

Power 
supply 
(Motor, V) 

Weight 
(g) 

Size 
(mm) 

Price 
($) 

Driver electronics 
(speed 
controller) 

SC1801S 3530 4-18 1.8-18 12 34x25
x14 

89.4 

Programmable 
board 

6501.00097 5-30 0-30 35 55x48
x18 

117.0 

 

Table 18. This table contains the price for each component and the total price (the price is with an 
academic discount). The lower price is marked with green and the higher is marked as red. 

Model Motor 
($) 

Driver electronics 
($) 

Programmable board 
($) 

Total price 
($) 

1509(006B) 84.4 89.4 117.0 290.8 

1525(U009BRC) 165.2 - - 165.2 

 

3.3 Specifications of four motors 
In this section a summation of a four motor system is made to estimate the total value of the weight 

and power. This also includes electronic drivers if needed. For the 1509 motor it is necessary to have 

a driver electronic for each of the motor, hence four motors and four driver electronics. But the same 

programmable board can be used for all of them. The summation is found in Table 19.  

Table 19. The table shows the total weight and power consumption of each setup including 4 motors 

and necessary driver electronics. The lower price, weight and power consumption is marked with 

green and the higher is marked as red. 

Model Power 
consumption 
(x4) (W) 

Motor 
(x4) (g) 

Driver 
electronics (g) 
(x4) 

Programmable 
board (g) 

Total 
weight 
(g) 

Price 
($) 

1509(006B) 2.2 27.6 48 35 110.6 812.2 

1525(U009BRC) 1.6 64 - - 64 660.8 

Difference 0.6    46,6 151.4 

 

3.4 Conclusion of trade study 
As seen in Table 3 that the 1525 motor’s specifications meet the requirements better than the 1509 

motor. Even the total price, power and weight of a complete four motor system are lower for the 

1525 motor. The 1509 motor system (Table 6) has a 46.6 grams higher mass than the 1525 motor, 

which is near twice the mass of the 1525 motor. The higher mass is mostly because of the external 
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electronics needed for the 1509 motor, but since these are COTS parts it might be possible to 

optimize the electronics later on to minimize the weight. What is also relevant is that the power 

consumption is 0.6 watts higher for the 1509 motor than the 1525 motor. For long term missions this 

might be critical due to degradation of satellite subsystems. But what really is an advantage of the 

1509 motor are the specifications of “no cogging effects, precise speed control”. These specifications 

are important for a precise control system for satellites. The 1525 motor do also have the 

specification of no cogging as long as the motor is operated within its speed range. The price 

difference is not too significant, with a difference of $151.4. The saturation time of both motors 

without any added reaction wheel is enough to satisfy the requirement of momentum dumping once 

per orbit. 

The life time for the motors is said to be at least 10 000 hours, which is enough for an operational 

time of a bit over a year, but it might as well operate for a longer time due to the low load of the 

bearings in micro gravity. Since the brushless DC motor’s life time is highly dependent on the 

bearings it might also be possible to extend the life time when the bearings are changed to space 

qualified bearings with proper tolerances and lubricant.  

According to the specification sheet of the 1509 motor from Micromo it should be possible to 

operate the motor with a power consumption 0.25 W and still have a torque of 1.6 mNm (the 

requirement is minimum of 50 µNm) at the maximum recommended speed of 15 700 rpm. This 

means that with these specifications it is possible to meet the target requirement of 1 W for four 

motor, and also that the power consumption is less for the 1509 motor than the 1525 motor. Similar 

specification is not found for the 1525 motor. 

3.4.1 Selected motor 

Based on the conclusion of the trade study the 1509 motor will be selected to be ordered and 

evaluated by further testing. The reason is the opportunity to run the motor with a 0.25 W power 

consumption and still maintain a torque higher than the required. The motor also have the 

specifications of “no cogging effects, precise speed control, low current consumption and long 

operation lifetime” which is important for the application. The motor with necessary electronics and 

a total price is listed in Table 20. 

Table 20. The designation of the selected motor and its necessary driver components including price 
is shown in this table. The price includes 1 motor, 1 driver electronics and 1 programmable board. 

Company Model Driver 
electronics 

Programmable 
board 

Total price ($) 

Micromo 1509(006B) SC1801S 3530 6501.00097 290.8 

Micromo 1525(U009BRC) - - 165.2 
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4 Single axis prototype 
To evaluate the selected motor a set of tests be conducted. The tests are divided into two 

subsections, namely the performance- and the survivability test. The motor is to be tested together 

with a prototype structure that would hold up to four motors. The testing will also show the 

behaviour of the structure design for improvements. 

4.1 Performance test 
With the performance test the motors power consumption and torque. The steady state power 

consumption will be monitored and with multi-meters at eight different angular velocities. The steps 

are 2000, 4000, 6000, 8000, 10000, 12000, 14000 and 16000 rpm for both motors. Where the 

current and voltage input is measured and then multiplied to estimate the current. The power 

consumption is measured on the motor together with the necessary drive electronics. The raw data 

of the transient power consumption measurements will be stored through lab-view. The transient 

measurements will be made with square and triangle pulse making the motor spin from about 10000 

rpm to 16000 rpm with an elapse time of about 20 seconds. The result will show what torques the 

motor can produce. 

4.2 Survivability test 
The survivability will evaluate how well the single axes prototype will survive vibrations and the 

space environment. Induced vibrations during the launch is critical for the design, and therefore a 

vibration test I necessary to make sure that the prototype can survive without failure or degradation 

of the system performance. The vibration test is best conducted with a shaker table where sine 

sweep, random vibrations and shock test can be performed. If that is not possible a random vibration 

test on a smaller shaker table would be the second option. The vibration test should also be 

conducted with the motors attached to evaluate their performance after test. 

Due to the harsh space environment of vacuum and extreme thermal conditions a maintain 

performance is important. For the purpose of evaluating the single axes prototype’s survivability in 

these conditions a simulated space environment in a thermal and vacuum chamber is necessary. In 

the thermal and vacuum chamber the outgassing specifications of the prototype can be measured as 

well to see if the requirements are met. 

4.3 Structure design of test cell 
The first design of the test cell was to be a cantilever beam where the motor would be attached at 

the tip (see Figure 4). A strain gauge is then attached to the beam to measure the strain of the beam 

while the motor is spinning. After calculations of the solid mechanics the beam must be unrealistic 

small for the strain gauge to detect the strain of the micro Newton torques generated by the motor. 
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Figure 4. The figure illustrates the cantilever test cell. 

The second alternative is to measure the angular acceleration of the motor and use it with the rotor 

inertia to derive the torque. These measures are performed in an instrumentation lab with lab 

equipment such as power supply, multi-meters and lab view with a data acquisition unit. Steady state 

measurements are read from the multi-meter while speed and power curve are monitored with lab 

view. The power is obtained by connection a resistor on the ground where the current from both the 

motor coils and the electronic board will run through, see Figure 5 for test setup. The current is 

derived by measuring the voltage drop across the resistor divided that voltage with the resistance 

(The current law U = R*I where U is the voltage, R is the resistance and I is the current.), which is the 

resistance across the multi meter, measured to be 6.071 ohms. Together with the input voltage and 

the floating current though the system the total power consumption of the motor and drive 

electronics can be monitored by multiplying each other. 

The raw data is then processed in Matlab. The data will be filtered with the filter shown in Figure 6, 

and then plotted so that the power consumption vs. speed vs. torque is shown. The Matlab code for 

plotting the data is attach in Appendix J [13]. The data acquisition unit to be used is of the brand 

National Instruments and model BNC-2120 (Figure 7). 
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Figure 5. The figure shows a block diagram of the test setup to measure the power consumption and 
speed of the motor and drive electronics. 

 

Figure 6. The figure is showing the filter that was made in simulink by Dr. Rees Fullmer. The filter add 
all measured data together, then run it back and forth to make the measures correctly timed. 
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Figure 7. The Instrument used for making the power Vs. time and the speed Vs. time measurement. 
The instrument is of National Instruments model BNC-2120. 

5 Three axes attitude actuator simulation for performance 

evaluation 
To enable an illustration of how the satellite may act in real space a simulation of a four wheel 

controller is built and used. For this purpose Simulink is used. The simulation is to show how well the 

controller follows the commanded torque until saturation with the surrounding disturbance torques. 

Based on the single axis results an estimation of the power consumption is done together with 

equation (14) of power loss. 

5.1 Simulink 
The coding of the Simulink simulation is done with an already existing program written by Dr. R. 

Fullmer [13]. The disturbance torque, satellite and motor specification is then put into the coding. 

The results will be shown in different plots where the controllability of the satellite can be evaluated. 
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6 Prototype of structure design 
 A small unit is to be design and manufactured for the motors, magnetic torquers and necessary 

electronics to fit in. The different design concepts are described below. 

6.1 Reaction wheel 
The reaction wheel to be designed for the motor is to increase the saturation time. The wheel is 

made with an inertia that will increase the total inertia (shaft + wheel) to about 10 times the initial 

inertia of the shaft. The material used for the wheel is to be stainless steel due to its relatively high 

density (8.08 g/cm2, compared to aluminum that has 2.71 g/cm2). Thus the inertia of the wheel is 

2.27g/cm2, hence the total inertia (shaft + RW) is 2.69 g/cm2. The wheel is designed to be as small as 

possible but also to still have a sufficient time until saturation. Since the shaft of the two selected 

motors are of different dimension two reaction wheels has to be made with different diameter of the 

pin hole. The wheels are shown in Figure 8. The wheels have a diameter of 20 mm and a thickness of 

6 mm (for more specific dimensions see appendices B and C.) 

 

Figure 8. The figure shows the reaction wheels designed for the 1525 and the 1509 motor. To the 
right is the wheel for the 1525 motor with a slightly larger pin hole radius to fit the shaft. On the left 
is the wheel for the 1509 motor. 
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6.2 Concept 1 
The idea of concept one is to use winded coils instead of magnetic torques. Since the magnetic field 

strength is dependent of the cross sectional area of the coils the concept is design such that the coils 

would generate an appropriate torque. The coils are to be winded along the tracks shown in Figure 9. 

The tracks are partially divided into smaller units to ease manufacturing; they will later on be welded 

or glued to the rest on the structure. This concept will end up having a relatively big pocket for 

electronics underneath the design. 

 

Figure 9. This figure is showing the first concept design with an estimated size of: 50x50x70 mm 
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6.3 Concept 2 
With the second design the though is to have magnetic torquers/coils apart from the reaction 

wheels. In this way the reaction wheel unit can be designed as small as possible, see Figure 10. This 

concept has enough room for necessary electronics in a pocket underneath the design. The 

electronics is covers by a bottom plate that is to be attached by weld or glue. On top of this another 

cover will be placed to protect the reaction wheel units. The motors are to be glued to the structure. 

 

Figure 10. Shown in figure is the second design concept with an estmated size of: 50x50x30 mm 
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6.4 Concept 3 
Concept design number three is design to carry two magnetic torquers along with a winded coil in 

the track around its base, see Figure 11. Alternatively this concept can have an external magnetic 

torque apart from the reaction wheel unit. This concept has enough room for necessary electronics 

in the pocket underneath. The electronics is covers by a bottom plate that is to be attached by weld 

or glue. Another cover is also designed to protect the reaction wheel unit. Also to notice that this 

design is based on magnetic rods which are available at http://www.cubesatshop.com/ (specified 

further in section 6.9). The weight of the magnetic rod is 30 gram per piece. 

 

Figure 11. The figure illustrated design concept number three with an estimated size of: 63x63x41 
mm 

  

http://www.cubesatshop.com/
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6.5 Concept 4 
Concept design four is design as a cube with three motors orthogonal to each other and the fourth 

motor inclined at the back, see Figure 12. This concept also have three magnetic rods which are non-

existing ones. This mean that they need to be design separately before this design can be realized. 

This design has limited room for electronics. The concept will have a protective cover to shield the 

motors and electronics partly from space radiation.   

 

Figure 12. The figure shows the fourth concept with an estimated size of: 43x43x43 mm 
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6.6 Concept 5 
Concept number five is design such that it has four motors along with four magnetic rods in a 

pyramidal shape, see Figure 13. The reason for having the four rods in this way is to be able to make 

them longer and by that save space on the length and width. Underneath the structure is a pocket 

that has enough room for necessary electronics such as power amplifiers. The unit is to be protected 

by a bottom and a top cover.    

 

Figure 13. Shown in the figuer is concept design 5 with an estimated size of: 78x78x45 mm 
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6.7 Concept 6 
This concept is designed such that three of the four motors are orthogonal while the fourth one is 

inclined, see Figure 14. The design has enough room for electronics such as a circuit board with 

power amplifiers. This design is relatively flat with two magnetic rods places along two axes with a 

third rod apart from this unit. The rods used for this design is the same ones as in concept design 

three, thus they are available at http://www.cubesatshop.com/. This design is thought to have a 

protective cover to protect the unit. 

 

Figure 14. The figure shows concept design six with an estimated size of: 60x60x30 mm 

  

http://www.cubesatshop.com/
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6.8 Testing of structure design 
To ensure that the structure can survive launch vibrations and the space environment a vibration test 

and thermal and vacuum test is to be conducted. The test will show where design changes may be 

required for a space flight approved design. 

6.9 Final structure design 
After discussions with the personnel at SDL design concept number 3 was selected as the one to be 

built and tested. The final design have some small changes to it, such as the track for coil wiring is 

taken away and instead of gluing the bottom plate it is redesigned to be attached by screws. There 

have also been added holes in the pocket underneath the design to enable attachment for a future 

electronic board, shown in Figure 15. The structure will be manufactured by SDL. The dimensions of 

the magnetic rod to be used for this design are shown in Figure 16 together with some specifications 

in Table 21. For the purpose of this thesis magnetic rod “dummies” will be fabricated. 

Table 21. In this table some of the specifications of the magnetic rod are shown. For further 
specifications visit: 
http://cubesatshop.com/index.php?page=shop.product_details&flypage=flypage.tpl&product_id=
108&category_id=7&option=com_virtuemart&Itemid=69 

 Value Unit 

Magnetic moment +/- 0.2  Am2 

Linearity (within +/- 0.4 Am2) 2.5  % 

Residual moment <0.48 mAm2 

Power requirement 209  (at 2.5V) mW 

Resistance 30-31 Ohm 

Rod core diameter 5 mm 

Rod core material Supra 50  

http://cubesatshop.com/index.php?page=shop.product_details&flypage=flypage.tpl&product_id=108&category_id=7&option=com_virtuemart&Itemid=69
http://cubesatshop.com/index.php?page=shop.product_details&flypage=flypage.tpl&product_id=108&category_id=7&option=com_virtuemart&Itemid=69
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Figure 15. The figure is showing different views of the selected design for manufacturing. 

 

Figure 16. This figure is showing the dimensions of the magnetic rod that is intended to be used for 
the selected concept design. Magnetic rod “dummies” are to be manufactured based on these 
dimensions for concepts testing purposes.  
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7 Results 
This section will present the results of the single axis testing, the four axes simulation and the 

structure results.  

7.1 Single axis test results 
This section is presenting the results of the motor testing. The 1525 motor was direct connected to 

the power supply since it has integrated electronics. The drive electronics for the 1509 motor was 

first programed with the programmable board (that was connected via USB to a computer). See the 

setup for programming the 1509 motor in Figure 17. By programming the 1509 drive electronics it is 

possible to set different parameters such as speed, load, number of readings etc. When the 

programming was done the programmable board was disconnected so that the power supply was 

direct connected to the drive electronics. 

 

Figure 17. The figure shows the setup of the programmable board and drive electronics for the 1509 
motor during programming phase. 

7.1.1 Steady state power measurements  

The steady state measurement of the average current and input voltage is shown in table 22, where 

the two values are multiplies to estimate the power consumption of each motor. The results are also 

plotted in Figure 18 to visualize speed vs. power consumption. 
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Table 22. The table shows the average current, voltage and power consumption for each motor at 
different fixed RPM with a reaction wheel attached. 

Angular 
Velocity 
(RPM, +/- 
10) 

Current 
(mA), 1525 
motor 

Voltage in 
(Volt), 1525 
motor 

Power 
consumption 
(Watt), 1525 
motor no 
RW 

Current 
(mA), 1509 
motor 

Voltage in 
(Volt), 1509 
motor 

Power 
consumption 
(Watt), 1509 
motor no 
RW 

0 19.6 9.057 0.175 24.2 6.027 0.143 

2000 28.8 9.057 0.256 26.3 6.027 0.155 

4000 35.2 9.057 0.311 28.8 6.027 0.169 

6000 37.4 9.057 0.331 31.5 6.027 0.184 

8000 40.3 9.057 0.355 34.9 6.027 0.203 

10000 45.8 9.057 0.403 38.5 6.027 0.224 

12000 49.5 9.057 0.417 42.6 6.027 0.246 

14000 52.5 9.057 0.461 46.7 6.027 0.269 

16000 54.6 9.057 0.478 51.2 6.027 0.294 

 

 

Figure 18. The figure shows the relation of the steady state power consumption at different 
velocities with an added reaction wheel to the motor shaft. 

7.1.2 Other observations during motor testing 

Another notice made during the motor testing is that relative to the motors the 1525 motor 

generates significantly more vibrations and noise than the 1509 motor that runs more quiet and 

smooth.  

7.1.3 Conclusion 

While comparing the results in Figure 18 it can clearly be seen that the 1509 motor significantly 

consumes less power than the 1525 motor. The 1509 motor also generated sufficient torques of 

maximum 0.6 mNm, runs smoother, have a smaller appearance and more programming 
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opportunities. With these conclusions drawn the 1509 motor is selected for a further investigation 

and power modelling. For this purpose the 1525 motor is no longer investigated in detail, none the 

less the 1525 motor may be used for other purposes such as for larger satellites where a higher level 

of performance is necessary.   

7.1.4 1509 Power Vs. Speed Vs. Torque  

The final result of the power vs. speed vs. torque is obtained by using the Matlab code in Appendix J. 

The result is shown in a 3D plot (Figure 19) together with different relevant angles shown in Figure 

20-21 for the 1509 motor. From this model an estimation is made in matlab of the power 

consumption by choosing the angular speed of the motor in rad/s and the external disturbance 

torques when the matlab code (Appendix J) is running. 

 

Figure 19. The figure is showing the 3D plot of the power vs. torque vs. rad/s of the motor. The blue 
dots represent the collected data from the measurement while the red dots are the filtered data. 
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Figure 20. This figure is a different view of Figure 18. In the figure it is possible to see how the power 
consumption changes depending of the torque of the motor. The blue dots represent the collected 
data from the measurement while the red dots are the filtered data. 

 

 

Figure 21. The figure is showing the power vs. rad/s curve of the same plot as in Figure 18. The 
plotted results between 200-1100 rad/s are the result from the steady state measurements while the 
right side from 1100-1800 rad/s is obtained from the transient measurements. The blue dots 
represent the collected data from the measurement while the red dots are the filtered data. 
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From the result of the matlab program the plot above is obtained, but also the constants necessary 

to solve for equation 15 are estimated from the test results. The constants and are shown in Figure 

22. By substituting w (rad/s) and t (motor torque) in the code it is possible to estimate the power 

consumption for those certain values.  

 

Figure 22. The figure shows the derived constants needed to solve for equation 15. With these 
constants it is possible to estimate the power consumption by setting a W = speed (rad/s) and a T0 
torque (Nm) of the motor. 

By selecting the total disturbance torque (from section 2.3.6) of T0 = 2.3*10
-7 Nm and a maximum 

recommended speed of W = 16000 rpm = 1676 rad/s the power consumption of one motor turns out 

to be 0.2914 W per motor. Multiplying that result by four will give a power consumption of 

                  

in a worst case scenario.  

7.2 Structure results 
Following Figures (23-28) will show the results of the structure design manufactured by SDL. To be 

able to fit the motor with the wire the manufactured structure was a modified since the tolerances 

were to fit the both through the hole, this can be seen in Figure 26. The weight of the base, top- and 

bottom cover and four motors and reaction wheels is 165.6 grams. 



 

54 
 

 

Figure 23. The figure is shown the different components manufactured for the structure design 
together with the 1509 motor, seen from above. The pen is put in the picture to compare the size of 
the parts. The total weight of the top cover, bottom cover, base structure four motors and reaction 
wheels is 165.9 g. 

 

Figure 24. In the figure are the structure parts seen from underneath. On the base design (middle in 
picture) there are holes to attach a future electronic board. 
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Figure 25. The figure shows the base structure with the 1509 motor attached together with its drive 
electronics necessary to run the motor. The attachments on the motor itself are cut away (compared 
with Figure 23) since the motor is to be glued to the base. 

 

Figure 26. The structure design assembled with the magnetic rod dummies, the 1509 motor and the 
reaction wheel. In figure is also a view from the CAD-model which indicated where modifications 
were made on the manufactured design. 
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Figure 27. The whole unit assembled seen from a top view compared to a pen. 

 

Figure 28. The figure is showing the assembly seen from underneath, compared to the size of a pen. 
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7.2.1 Vibration test 

Due to time limitations the vibration was only meant to see if the motors could survive the induced 

rendom vibrations from the shaker table. The shaker table was set to be equal to the requirements in 

section 2.4.2.5, Figure 3.  The motors were mounted on the structure which was attached to the 

shaker table. In Figure 29 a plot is showing the result from the test. The the line shown in the figure is 

only the reference to the shaker table, but one can see the parameters setting for the test setup. The 

hardware setup of the stucture with the shaker table is shown in Figure 30. 

After shaking and then testing the motor the result was showing that the motor survived the 

vibration test. 

The software used to record the data was DVC-8 digital random controller. 

 

Figure 29. The figure is showing the result from the vibration test. The red curve is the reference of 
the shaker. The figure tells what parameters that were used during the test. 
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Figure 30. The hardware setup on the shaker table is shown in this figure. 

7.2.2 Reaction wheels 

The reaction wheels designed for this project are shown in Figure 31 and 32. Unfortunately there was 

a mistake while manufacturing the wheels. Instead of making then in stainless steel they were made 

in aluminium. This will give a lower inertia the though, hence the saturation time of the motors are to 

be in shorter than planned.  

 

Figure 31. The 1525 motor with the reaction wheel attached compared with a pen. 
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Figure 32. The 1509 motor with the reaction wheel attached compared with a pen. 

7.3 Total cost  
The total cost for the project was 1 476.71 US dollar.  In Table 23 the cost is shown specific for what 

was used to purchase the motors and drive electronics as well as manufacturing cost for the 

structure. In Table 23 taxes are included as well. Taxes are not included in section 3.2 were the motor 

selection is described.  

 

Table 23. This table shows the total cost for the motors and electronic circuits together with the 
manufacturing cost of the structure design. 

Detail Cost ($) 

Motors and drive 
electronics (including 
shipping and taxes) 

536.96 

Material and 
manufacturing cost of 
structure (including 
taxes) 

940.02 

Total: 1476.71 
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8 Summary, conclusion and future work 
This project has been a start of an attempt to improve a reaction wheel system for CubeSats. The 

reason is due to the lack of control precision of magnetic torquers that in commonly used for 

CubeSats.  

A study was made to find COTS motors that could be used for the purpose of controlling the satellite. 

Two motors were selected for testing with the purpose to evaluate their performance and to see 

which one of them that was most suited to meet the requirements. The requirements are listed in 

section 1.2.2. The 1509 motor was best suited for the requirements and therefor a power model was 

made for it in Matlab based on the collected data from the testing. In the power model and 

estimation of the power consumption is made per motor based on the torque and the angular speed 

of the motor.  

A prototype structure was designed and manufactured. This design also has a set of requirements 

(section 1.2.2). The purpose of the structure design is to hold four of the selected motor for further 

testing of survivability and performance of both the motors and the structure. Eventually this will be 

developed into a final attitude controller.  

The goal of researching, testing and evaluation of the motors were achieved as well as having a 

structure design to hold the motors. Due to time limitations the simulation of a three axis attitude 

controller was not made. A rough estimation can be made though, by using the single axis test results 

and multiply by four (since the three axis controlling will include four motors). The result will be a 

worst case scenario when all motors are running at maximum recommended speed and would 

consume 1.1656 W as shown in section 7.1.4. Since this is a worst case scenario the power 

consumption will never go above this level the nominal power consumption can be assumed to be 

less than 1 W. By using the three axis simulation described in section 5 a more realistic power 

consumption can be estimated. 

By comparing the requirements set in section 1.2.2 some of the requirements were met and some 

need to be further investigated. 

Requirements: 

- Target size 10x10x5 cm including magnetic torquers (Met) 

- Target power consumption < 1 W (with 4 motors) (Met) 

- Target weight 200 g + Magnetic torquers (Met) 

- Create torques of up to 50 µNm/axis (Met) 

- Space survivability for about 1-3 years (To be further investigated) 

- Cost of prototype $1000-3000 (Met) 

- Motor vibrations levels less than a to be determined value (To be further investigated) 

- Survive launch vibrations (Partly met (motors), need further investigation) 

- 1800 slew manoeuvre in 1 minute (To be further investigated) 

- Momentum dumping less than once per orbit (To be further investigated) 

- Total Mass Loss (TML) ≤ 1.0% (To be further investigated) 

- Collected Volatile Condensable Materials (CVCM) ≤ 0.1% (To be further investigated) 
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8.1 Motors 
By looking at the test results both from the steady state and transient plots in the result section it 

can clearly be seen that the 1509 always have lower power consumption, shown in section 7.1.1. 

Other observations also show that the 1509 motor also induce less vibrations and noise. The 1525 

motor can induce more torque, but the torque induced on the 1509 motor is already sufficient. The 

advantage of the 1525 motor is that the drive electronics are integrated with the motor, while the 

electronics for the 1509 motor is relatively large. On the contrary this provides fewer opportunities 

to program the motor. The external electronics for the 1509 motor have more options of 

programing, speed control etc.  

Both motors passed the random vibe test. The test was only meant to see if the motor was working 

or had failed after the test, so no further testing of degradation was investigated.  

8.2 Structure design 
The final structure design resulted in a relatively small design that weighs 165.9 grams (including the 

base, top-, bottom cover, four 1509 motors and reaction wheels). Adding the drive electronics and 

the magnetic rods the total weight will be 165.9 + (2x30) + 48 = 273.9 grams. Since the requirement 

says “200 gram + magnetic torqers” the magnetic rods are excluded as well as the electronics drive 

units for the 1509 motor. Since these drive units were not a part of the design. If the future circuit 

board weighs less than 200 – 165.9 = 34.1 grams it will still be possible to completely meet the 

requirement. But as far as this thesis extend the requirement of weight was met. 

What were noticed when the structure was manufactured was that it was tight to fit together. Most 

likely this was due to the fact that the drawings were first made in the metric system and then 

converted to inches. 

Comparing the base structure that holds the motors and the top cover it was noticed that the top 

cover was relatively heavy. A solution to that would be to make the cover thinner. 

Where the motors were installed, it was problematic to fit the wires going from the motor to the 

electronics board. This was solved by cutting of parts of the base structure shown in Figure 25.  

8.3 Recommendation 
The recommendation is to use the 1509 motor for further testing and implementation due to the 

relatively low power consumption, sufficient torque and programming opportunities. The motor is 

suggested to be used with the manufactured structure for future design improvements.  
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8.4 Future work 
- Further testing that did not fit within the time limitation for this thesis is firstly to make new 

measurements of the motors after the vibration test. This will show if the motors have been 

degraded functionality, which will lead to an increase of the power consumption. 

- Testing of the structure and motor in a thermal and vacuum chamber. This will show if the 

motor can function within these surrounding conditions.  

- Mounting all motors, drive electronics, magnetic torques etc. to the structure design and run 

a vibration test to find critical areas where resonance frequencies can arise and might cause 

cracks or fatigue failure. 

- The drive electronics of the 1509 motor needs a new revised design to fit inside the base 

structure, since this was not a part of this thesis. Enough room have been design in the base 

structure to fit the necessary electronics drive units according to specifications from SDL. 

- To optimise the power consumption and decrease the level of induced vibrations, a precise 

method to balance the reaction wheels is necessary. 

- Confirm the dimensions of the drawings so that the manufactured design fit together 

smoothly, without need to file the sides. 

- An investigation and research has to be made whether the motor can be used with or 

without a reaction wheel. Right now the motor have a saturation time of about 100 seconds 

without a reaction wheel. This might be sufficient if the motors are used together with 

magnetic torquers. The magnetic torquers will then be used for the major pointing and 

stability controlling while the motors will be active for a short time to get the precise 

accuracy. The 1509 motor have the capability to create sufficient torque without a reaction 

wheel already, so the conclusions from this investigation would be to determine if 100 

seconds is enough as a saturation time for the purpose of the satellite mission.   

- Simulate and evaluate a complete four wheel attitude control system based on the results 

from the power consumption measurement.  

- Investigate how to meet all requirements set in section 1.2.2. 
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10 Appendix 

Appendix A – Timeline 
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Appendix B – Reaction wheel 1509 drawing 
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Appendix C - Reaction wheel 1525 drawing 
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Appendix D – Magnetic rod dummy drawing  
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Appendix E – Top cover drawing 
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Appendix F – Bottom cover drawing 
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Appendix G – Base (1/3) drawing 
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Appendix H – Base (2/3) drawing 
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Appendix I – Base (3/3) drawing 
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Appendix J – Matlab code - Data filtering, processing and power estimation 
 

clear all 
close all 
clc 

  
R =6.072;       % DMM Resistance 

  
T1_1509_RW; 
T2_1509_RW; 
T3_1509_RW; 
T4_1509_RW; 
T5_1509_RW; 
T6_1509_RW; 
T7_1509_RW; 
T8_1509_RW; 

  
t2=t2+max(t1)+.0001; 
t3=t3+max(t2)+.0001; 
t4=t4+max(t3)+.0001; 
t5=t5+max(t4)+.0001; 
t6=t6+max(t5)+.0001; 
t7=t7+max(t6)+.0001; 
t8=t8+max(t7)+.0001; 

  
% Remove power going to DMM 
P1 = P1-Vd1.*Vd1/R; 
P2 = P2-Vd2.*Vd2/R; 
P3 = P3-Vd3.*Vd3/R; 
P4 = P4-Vd4.*Vd4/R; 
P5 = P5-Vd5.*Vd5/R; 
P6 = P6-Vd6.*Vd6/R; 
P7 = P7-Vd7.*Vd7/R; 
P8 = P8-Vd8.*Vd8/R; 

  

  
P=[P1;P2;P3;P4;P5;P6;P7;P8]; 

  
w =[rpm1;rpm2;rpm3;rpm4;rpm5;rpm6;rpm7;rpm8]*(2*pi/60); 
t = [t1;t2;t3;t4;t5;t6;t7;t8]; 

  
SS1_1509_RW; 
SS2_1509_RW; 
SS3_1509_RW; 
SS4_1509_RW; 
SS5_1509_RW; 
SS6_1509_RW; 
SS7_1509_RW; 
SS8_1509_RW; 

  
t1=t1+max(t)+.0001; 
t2=t2+max(t1)+.0001; 
t3=t3+max(t2)+.0001; 
t4=t4+max(t3)+.0001; 
t5=t5+max(t4)+.0001; 
t6=t6+max(t5)+.0001; 
t7=t7+max(t6)+.0001; 
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t8=t8+max(t7)+.0001; 

  
P1 = P1-Vd1.*Vd1/R; 
P2 = P2-Vd2.*Vd2/R; 
P3 = P3-Vd3.*Vd3/R; 
P4 = P4-Vd4.*Vd4/R; 
P5 = P5-Vd5.*Vd5/R; 
P6 = P6-Vd6.*Vd6/R; 
P7 = P7-Vd7.*Vd7/R; 
P8 = P8-Vd8.*Vd8/R; 

  

  

  

  
P=[P;P1;P2;P3;P4;P5;P6;P7;P8]; 
w =[w;[rpm1;rpm2;rpm3;rpm4;rpm5;rpm6;rpm7;rpm8]*(2*pi/60)]; 
t = [t;t1;t2;t3;t4;t5;t6;t7;t8]; 

  
S1_1509_RW; 
S2_1509_RW; 
S3_1509_RW; 
S4_1509_RW; 
S5_1509_RW; 
S6_1509_RW; 
S7_1509_RW; 

  
t1=t1+max(t)+.0001; 
t2=t2+max(t1)+.0001; 
t3=t3+max(t2)+.0001; 
t4=t4+max(t3)+.0001; 
t5=t5+max(t4)+.0001; 
t6=t6+max(t5)+.0001; 
t7=t7+max(t6)+.0001; 

  
P1 = P1-Vd1.*Vd1/R; 
P2 = P2-Vd2.*Vd2/R; 
P3 = P3-Vd3.*Vd3/R; 
P4 = P4-Vd4.*Vd4/R; 
P5 = P5-Vd5.*Vd5/R; 
P6 = P6-Vd6.*Vd6/R; 
P7 = P7-Vd7.*Vd7/R; 

  

  
P=[P;P1;P2;P3;P4;P5;P6;P7]; 
w =[w;[rpm1;rpm2;rpm3;rpm4;rpm5;rpm6;rpm7]*(2*pi/60)]; 
t = [t;t1;t2;t3;t4;t5;t6;t7]; 

  

  
figure,plot(P),title('P') 
figure,plot(w),title('w') 
figure,plot(t),title('t') 

  
%% Begin filter of power 
wn = 20 
P_input = [t,P]; 
w_input = [t,w]; 
sim('Filter_and_slope',t) 
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figure 
plot(t,P_HAT,'k'),hold on,plot(t,P,'r.') 

  
figure 
plot(t,w_HAT,'k'),hold on;plot(t,w,'r.') 

  
figure 
plot(t,w_dot_HAT,'b.') 

  
I = 2.96e-7         % kgm^2 
T = I*w_dot_HAT; 

  
%% Least squares solution 
PHI=[w.*w w ones(size(w)) T.*w T.*T T]; 

  
C = inv(PHI'*PHI)*PHI'*P_HAT 

  
P_LS = PHI*C; 

  
figure 
plot3(w,T,P_HAT,'b.'),hold on 
plot3(w,T,P_LS,'r.'),grid 
xlabel('w rad/s'),ylabel('Torque (Nm)'),zlabel('Power (W)') 

  

  
%% 
To = 100e-6 
W = 2000 
POWER = [W.*W W ones(size(W)) To.*W To.*To To]*C 
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Appendix K – Motor, Drive Unit and Quote Specifications 

1509 Motor Specifications 
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Programming Board 
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Speed Controller 
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1525 Motor Specifications 
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Quote 

 

 


