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Introduction
AMMEQ-1 mission

The School of Aerospace, Mechanical and Mechatronics 
Engineering at The University of Sydney is working with Centre for 
Quantum Technologies (CQT) at Singapore to develop a 3U CubeSat 
“AMMEQ-1”. AMMEQ-1 does not have any pointed payload and no 
attitude pointing requirements to execute the primary mission since 
its main purpose is technology demonstration.1 However, the reaction 
wheels are designed and intended to test technology for future 
Quantum Key Distribution (QKD) payload.1

Attitude control system of nano-satellites

Micro-satellites and nano-satellites are now becoming a new 
trend for space research and technology demonstrations, as it is a 
more feasible and inexpensive option compared to traditional larger 
satellites. However, precise attitude control system is challenging on 
nano-satellites due to the constraints of mass and volume; most of 
the nano-satellites such as CubeSats are in the 1-10kg range. A lot 
of CubeSat missions use magnetic torquers as the attitude control 
actuators; magnetic torquers are based on the interactions between 
the Earth’s magnetic field and current controlled magnetic coils. The 
limitations of this type of passive attitude control system include slow 
response and less accuracy compared to active attitude control systems 
such as reaction wheels and thrusters; therefore magnetic torquers 
are more appropriate for satellites detumbling and attitude control 
system desaturation. A precise reaction wheel system is a necessary 
subsystem for the nano-satellites with point-to-point payloads. 

One previous nano-satellite mission that implemented reaction 
wheels is the BEESAT,2 it adopted three reaction wheels and 
magnetic torquers for its attitude control system. There are a few 
brushless motor based nano reaction wheels available on the market, 
for example, the RW-1 from Astro und Feinwerktechnik Adlershof 

GmbH.3 However, the performance and the torque stability of this 
type of reaction wheels at low-speed range are not superior, this lack 
of attitude control accuracy is more severe for nano-satellites because 
of their high attitude sensitivity. In other words, it is still difficult to 
achieve high pointing accuracy for nano-satellites mission due to the 
light weight and small moment of inertia properties of nano-satellites 
and the low-speed non-linearity of brushless motors. When the speed 
of a reaction wheel approaches zero, the bearing viscous effect is 
small, and the rolling friction dominates the relationship between 
commanded and actual vehicle control torque.4

AMMEQ-1 reaction wheel design

The reaction wheel design of AMMEQ-1 is based on the concept 
of dual actuator system which consists a Commercial off-the-shelf 
brushless DC motor and a self-developed ultrasonic piezoelectric 
motor. In this reaction wheel design, ultrasonic piezoelectric motors 
are embedded into an in-house developed brushless DC motor reaction 
wheel system. The ultrasonic piezoelectric motor is a new type of 
actuator that is driven by mechanical vibration in the ultrasonic range, 
the mechanical vibration is excited by using piezoelectric ceramics 
which expand or contract under an electric field.4,5 Ultrasonic motors 
are becoming excellent actuators for precise micromechanical systems 
due to their unique features. Particularly for this reaction wheel 
system, an ultrasonic piezoelectric actuator is designed to optimize 
the performance of the attitude control system in the low-speed range. 
To achieve three-axis attitude control with redundancy, an appropriate 
reaction wheel housing is also designed to provide tetrahedral 
configuration. Precise three-axis attitude control is a fundamental 
element for any mission that requires a pointed payload, the utility 
of nano-satellites will be expanded by a more precise attitude control 
system. This reaction wheel system will be tested in orbit and used 
for future QKD missions; more prototypes will be designed and built 
for the other nano-satellites which require a high pointing accuracy.
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Abstract

This paper introduces the design of a dual actuator nano reaction wheel system for the 
3U CubeSat AMMEQ-1. AMMEQ-1 is a joint research project between the University 
of Sydney, Australia and the Centre for Quantum Technologies, National University 
of Singapore. The primary mission of this project is to demonstrate technologies for 
the future Quantum Key Distribution (QKD) payload for secure communications1). In 
this reaction wheel design project, a dual actuator system is designed by combining 
an in-house developed ultrasonic piezoelectric motor and a Commercial off-the-shelf 
brushless motor, the function of the ultrasonic motor is to optimize the low-speed 
control performance. The ultrasonic motor is driven by expansion and contraction 
of piezoelectric ceramics; this piezoelectric effect induces a standing wave that 
generates vibration. Therefore, the rotation of the ultrasonic piezoelectric motor can 
be controlled with a small resolution; thus, the accuracy of the attitude control system 
can be significantly improved. Nano-satellites have become a more practicable and 
inexpensive platform; a precise attitude control system for nano-satellites is a must for 
expanding the utility of nano-satellites in the future.
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Disturbance modeling
Orbit parameters

The performance of the reaction wheel should fulfill most of the 
nano-satellite projects; the reaction wheel is designed to work with 
magnetic torquers; therefore, the major task of the reaction wheel 
system is to control the pointing accuracy actively. To find out the 
design requirements, it is important to analyze the environment of 
the orbit at the beginning of the design; the satellite attitude will be 
affected by several perturbations. The disturbance modeling of this 
reaction wheel design project is based on the AMMEQ-1 mission. 
Table 1 shows the main mission parameters of AMMEQ-1 which 
affect the attitude control system.1 

Table 1 AMMEQ-1 mission parameters

Parameters Values

Satellite type 3 Unit CubeSat

Altitude 500 km Leo

Inclination 51.64 degrees

Launch vehicle Dragon, Cygnus or HTV cargo

Launch date Late 2018

Perturbations

Aerodynamic drag: Aerodynamic drag is a significant disturbance 
at low earth orbit since the gas molecules density of the atmosphere 
is higher at a lower altitude. An aerodynamic torque can be induced 
by the difference between the center of drag and the center of mass of 
the satellite; Eq. (1) and Eq. (2) show the estimation of aerodynamic 
drag.6 

aerodynamic dT F D=                             (1)
and 

21
,

2
d Ddragforce F C AVρ=             (2)

Where atmospheric density at 500km 13 37.03 10 kgmρ − −= × ,6) 

DC is the drag coefficient of AMMEQ-1, the information about the 
drag coefficient of nano-satellites is very limited, in Ref. 8), 2.0DC =  
is used for estimating the aerodynamic disturbance. The surface area

20.03A m= , the orbital velocity at 500km 7617 /V m s= , and D 
is distance between the center of drag and the center of mass, the 
required center of mass is usually smaller than 2cm for most of the 
CubeSat missions, therefore the worst case 0.0025 mD = is chosen 
for this estimation.

Magnetic disturbance: Magnetic disturbance comes from the 
electronics of the satellites; a residual magnetic dipole is induced 
by the current running through the onboard systems. The residual 
magnetic disturbance is given by Eq. (3) and Eq. (4).6 

m
T DB=                                        (3)

Where

3

2
,

M
Earthmagneticfield B

r
=           (4)

In Eq. (4) 157.96 10M T= × is the magnetic moment of the Earth. 

D is the residual dipole of the satellite; however, the residual dipole 
of AMMEQ-1 is unable to estimate, 210D mAm= is chosen in this 
disturbance modeling by considering the worst case.1 

Solar radiation: The radiation torque is created by the radiation 
and particles from the Sun, the Earth, and the albedo etc., this 
disturbance modeling only consider the direct solar radiation torque 
since it is the dominant disturbance, the solar radiation torque is given 
by Eq. (5).6 

( ) ( )( )sp g
1 cos c cs

sp s

F
T A q i

c
= + −          (5)

Where the solar constant 21367 /sF W m= , C is the speed of 
light, the expose surface area 20.03

s
A m= , the reflectance factor of 

AMMEQ-1 is unknown at this stage, therefore 0.5q = is taken for this 
modeling, the inclination is set to the worst case 0i °= , the difference 
between the center of solar pressure and the center of gravity is set to 
the same as in the aerodynamic drag disturbance                                .

Gravity gradient: The gravity gradient torque is created by the 
uneven mass distribution of the satellite, various parts of satellite 
experience different gravitational forces, the gravity gradient torque 
is given by Eq. (6).6‒10 

    
( )3

3
sin 2

2
gravity z yT I I

R

µ
θ= −                    (6)

 Where the gravitational constant 14 2 23.986 10 /m sµ = × , the 
moment of inertia of AMMEQ-1 is unknown at this stage, therefore 
the values are obtained from CAD estimation, 20.0707 /xxI kg m=
, 20.0117 /zzI kg m= , 20.0117 /zzI kg m= ,θ is the roll or pitch 

angle of the satellite, worst case occurs when 45θ °= .

Disturbance modeling results

The disturbance modeling results are shown in Table 2, these results 
are considered as the references of the reaction wheel performance. 
Results show that the AMMEQ-1 can come across with a maximum
492.542nNm torque disturbance for a single axis.

Table 2 Disturbance results

Disturbances Torques nNm

Aerodynamic drag 3.059

Magnetic disturbance 396.394

Solar radiation 0.342

Gravity gradient 92.747

Total                  492.542

 Dual actuator reaction wheel design
Design overview

The dual actuator reaction wheel consists two independent 
flywheels which align with the same principle axis, the flywheels are 
driven by DC brushless motor and piezoelectric motor separately. 
The reaction wheel system design consists the following parts: DC 
brushless motor design, flywheel design, ultrasonic piezoelectric 
motor design, reaction wheel housing design, driver circuits design 
and control algorithm design. 

The attitude control of reaction wheel is achieved by the 
conservation of angular momentum as shown in Eq. (7) and Eq. (8).

total s r
H H H= +                       (7)

0.0025sp gc c m− =
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And it can be derived: 

           
s r s total

dH
H H H

dt
ω τ= + + =                 (8)

Where
s

H and
r

H are the angular moments of the satellite and 
reaction wheel, 

s
ω is the angular velocity of the satellite, τ is the 

total disturbance torque. The angular moment is given in Eq. (9).

                H I I t tω α τ= = ∆ = ∆    (9)

where I is the moment of inertia andα is the angular acceleration.

The dual actuator reaction wheel consists a brushless DC motor 
reaction wheel and an ultrasonic piezoelectric motor reaction wheel. 
The DC motor has a much greater speed to generate a larger angular 
momentum; therefore, its main task is to compensate the disturbances, 
and the high-resolution ultrasonic motor is utilized for the fine 
attitude adjustment. One of the primary design requirement is the 
accommodation of the reaction wheel system because the volume and 
mass of nano-satellites are very restricted, the design of the actuators 
and reaction wheel housing design will be discussed in the following 
sections. 

DC brushless reaction wheel design 

There are several reasons for choosing the DC brushless motor 
to drive the reaction wheel, most importantly, the Commercial off-
the-shelf motor adopted by this design has a flat and heavy rotor; 
thus, the rotor can be treated as part of the flywheel for momentum 
generation. This motor also has high torque, long duration properties 
and it does not need lubricant. The flywheel is designed to sit on top of 
the rotor of the DC motor, the total moment of inertia of the rotor and 
flywheel is estimated 6 20.43 10 /rwI kg m−= × , and the total nominal 
momentum is 41.36 10 . / srwH kg m−= × .

Dual actuator reaction wheel housing design

The design of the reaction wheel housing is one of the significant 
parts of the whole design project; the housing must be able to 
accommodate both the DC motor and the ultrasonic piezoelectric 
motor; it also needs to provide protection for the dual actuator system, 
especially during launch. Figure 1 shows the CAD design of the base 
of the reaction wheel housing; the DC brushless motor reaction wheel 
is mounted on top of it, the ultrasonic motor is installed inside the 
bottom space, two actuators are aligned to share the same principle 
axis. Figure 2 shows the actual reaction wheel with a cover; aluminium 
7075-T6 is selected for the base and the cover. The total weight of this 
housing is 9.1 grams; the outer diameter of the wheel cover is 21mm. 
Figure 3 shows a possible reaction wheel tetrahedral configuration.

Figure 1 The base of the reaction wheel housing.

Figure 2 Reaction wheel housing.

Figure 3 Reaction wheel tetrahedral configuration.

Figure 4 Shock test of reaction wheel housing.

FEM analysis was conducted to verify this design; it is important to 
simulate the real environment for valid results. The satellites usually 
come across with the most extreme environment during launch, the 
launch vehicle of AMMEQ-1 is assumed to be the Dragon, Cygnus 
or HTV cargo, and therefore, the environment test is based on the 
Falcon-9 rocket.10 Modal analysis, acceleration test, sine vibration, 
random vibration and shock test were conducted by ANSYS, it was 
found that the worst case occurs at the shock test. Figure 4 shows 
the result of the shock test under the shock environment of Falcon-9 
rocket. The maximum equivalent stress induced is 3.389 Mpa, it is 
much lower than the yielding stress of aluminium 7075-T6, this result 
proves that this reaction wheel housing can survive most of the launch 
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vehicles. 

Ultrasonic piezoelectric motor design

The ultrasonic piezoelectric motor design must consider the 
dimension, simplicity and fine control resolution of the piezoelectric 
actuator.11 Travelling wave rotary ultrasonic motor (TWUM) can 
generate a circular motion directly; however, the design, structure and 
manufacture of TWUM are too complicated for this reaction wheel 
system. Linear ultrasonic piezoelectric motors using in-plan modes 
can be easily simplified and miniaturized;12 linear ultrasonic motors 
normally operated in two orthogonal vibration modes, commonly one 
in longitudinal mode and one in bending mode, which can be classified 
as Lm-Bm.13 Many linear ultrasonic motors have been previously built 
based on such kind of combined modes. For example, Yang M et al.14 
invented a L1-B2 linear ultrasonic motor and presented transient 
dynamic analyses and experiments. A linear piezoelectric motor which 
driven by two orthogonal first bending mode is designed for the dual 
actuator reaction wheel system. The piezoelectric stator is shown in 
Figure 5, the outer dimensions are 10mm×10mm×1.5mm, the material 
of this stator is APC850 PZT ceramic from APC International, Ltd.; 
the piezoelectric ceramic is polarized in the thickness direction; 
Electrodes are attached to the surface as shown in Figure 5 for the 
generation of B1-B1 vibration modes. 

Figure 5 B1-B1 Stator with attached electrodes.

It is significant to determine the natural frequencies of the two 
orthogonal B1 modes, the in-plane natural frequencies of a rectangular 
plate are given by Eq. (10). 15

 
2 2

11 12

2
mn

c c m n

a b

π π
ω

ρ

−
= +

   
   
   

               (10)

Where 11c and 12c are the elastic constants, a and b are the length 
and width of the rectangular plate, m and n are the mode numbers.

The elastic constants and the other physical properties of APC850 
PZT, 10 2

11 12.7 10 /c N m= × , 10 2
12 8.0 10 /c N m= × , the length and 

width of the rectangular plate are assumed to be 10mm, m and n
are all 1 for B1-B1 mode. The theoretical 1 1 124.34B B kHzω − = . The 
actual design is not an exact square plate because the corners were 
trimmed, this affects the natural frequency, and this will be discussed 
in the FEM analysis section.

 Figure 5 shows the actual piezoelectric stator design with the 
trimmed corners and attached electrodes. The new dimension of the 

stator was justified by modal analysis; this hexagon shape provides a 
gap between the resonant frequencies of two bending modes. The goal 
of this design is to create a linear control zone; driving the stator too 
close to their resonant frequencies should be avoided because of the 
sudden change in response amplitude; therefore, a more linear output 
can be obtained by setting the control frequency within this gap.  

Figure 6 and Figure 7 shows the FEM analysis of the two 
orthogonal bending modes, the natural frequency of B11 is 137.69kHz, 
the natural frequency of B12 is 141.18kHz, these values are close to 
the theoretical estimations in the previous section. The difference 
in natural frequencies is because of the modification of the shape of 
piezoelectric ceramic. An elliptical motion can be generated if the 
driving signals follow the pattern in Figure 5, the phase difference and 
the frequencies synchronization are the most important conditions to 
generate this elliptical motion. Figure 8 shows the configuration of the 
ultrasonic piezoelectric actuator, the friction between the driving tip 
on the stator and the rotor converts a linear motion to a circular motion 
for momentum generation.

Figure 6 B11 mode.

Figure 7 B12 mode.

Ultrasonic piezoelectric motor simulations

It is important to determine the feasibility of the design before 
manufacturing; finite element analysis was conducted by ANSYS. 
Figure 9 and Figure 10 shows the horizontal and vertical displacements 
at the driving tip when a 100V peak to peak excitation is applied. 
The results fulfill the modal analysis and it can be concluded that 
the driving frequency should be set between 137kHz to 141kHz to 
generate a less sensitive and more linear motion. However, the trade-
off of using this control frequency is obvious; the vibration amplitude 
at the driving tip will be smaller since the excitation frequency is 
not located at the resonant frequencies. The vertical and horizontal 
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motion can be synchronized by adjusting the phase difference and 
the amplitude of the input signals. Figure 11 shows the motions of 
the driving tip within a period; an elliptical motion can be generated 
by aligning the phases of vertical and horizontal vibrations. In this 
design, the purpose of the piezoelectric motor is mainly for achieving 
precise and high-resolution attitude control; therefore, several 
frequency zones between the two resonant frequencies were tested. 
Figure 12 and Figure 13 shows the horizontal direction displacements 
of the driving tip at different control frequencies, it can be concluded 
that controlling the piezoelectric motor at around 140kHz gives a 
more linear and more precise displacement than 138kHz. The speed of 
the piezoelectric motor can be controlled by changing the amplitude, 
frequency and phase difference of the excitations. In this design, 
phase control is not considered since it is used for synchronization. A 
prototype was built and tested under different excitation frequencies 
and amplitudes. It was found that changing input voltage gives the 
most linear speed control; changing frequencies also gives a linear 
control, however, the change in speed becomes more sensitive when 
the excitation is at the resonant frequency. Figure 14 shows the 
relationship between the speed of the rotor and the input voltage when 
the excitation frequency is at 139KHz. 

Figure 8 Ultrasonic piezoelectric motor.

Figure 9 Horizontal vibration response.

Figure 10 Vertical vibration response.

Figure 11 Vertical and horizontal displacements of the driving tip.

 Figure 12 Horizontal vibration response at 138kHz.

Figure 13 Horizontal vibration response at 140kHz.
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Figure 14 Speed of piezoelectric motor at 139kHz.

Reaction wheel control
The reaction wheel system was integrated to a 3U CubeSat for 

testing; Figure 15 shows the schematic diagram of the reaction wheel 
control, both actuators are controlled by the MPS432 microcontroller. 

Figure 15 Ultrasonic piezoelectric motor.

Results
The reaction wheel system was integrated to different nano-satellite 

platforms for testing and optimization; the reaction wheel system was 
also tested on an air bearing table with laser positioning and high-
speed camera. The results show the single reaction wheel system can 
generate a 1.764 degree/s change in yaw angle on a 3.5kg 3U CubeSat 
by the current control algorithm. The attitude control by the ultrasonic 
piezoelectric motor is still being studied; the speed of the piezoelectric 
motor will be affected by the change in temperature and pressure in the 
space environment. More studies need to be accomplished to optimize 
the performance of the reaction wheel system. The result in Fig. 14 
shows that the ultrasonic piezoelectric motor has a linear output at 
low-speed zone, this supports the design concept of this dual actuator 
reaction wheel, the piezoelectric motor can increase the linearity of 
the reaction wheel system for providing a precise attitude control. 

Conclusion
This paper describes the concept and design of an innovative 

dual actuator attitude control system for nano-satellites, the design 
will be further optimized, especially the attitude control behaviour 
of the ultrasonic piezoelectric motor will be intensely studied; more 
influences from the environment will also be considered. This dual 
actuator reaction wheel will be installed to AMMEQ-1 CubeSat for in 
orbit technology demonstrations.
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