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Abstract. This paper presents the identification of the inertia matrix and the center of mass from the 
dynamics simulator (SADS) platform developed 
consists on a sphere suspended by an air bearing, which allows the sphere to rotate frictionless in all three axes. The 
sphere contains three orthogonally oriented reaction wheels for exerting
freedom inertial measurement unit (9-DOF IMU), which will be used for acquiring attitude data from the sphere. The 
reaction wheels are used for exciting all modes of the system, and the attitude response measured by the IMU is used 
for estimating the system parameters.   
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1. INTRODUCTION   
  

The problem of satellite dynamics and control is one of the main topics of research work at ITA, given its mission of 
training personnel for working in the aerospace industry. One of the most critical parts for the correct functioning of a 
satellite is the attitude control system (ACS), which is responsible for the adjustment of orientation of the satellite in 
space. A precise ACS is required for the correct pointing of antennas, of solar panels for recharging batteries, and for 
trajectory adjustment. 

For the purposes of validating satellite 
attitude dynamics simulator (SADS) platform has been developed by the institution, as documented in (Figueiredo and 
Saotome, 2013)  and (Silva et al., 2014). This SADS platform was named MuSat (short for “Mock
consists on a sphere suspended in a very thin layer of air by 
three axes. It also has a set of three react
acquisition. Its functioning has been demonstrated in the works of (Silva et al., 2014), (Costa and Saotome, 2016), and 
(Costa and Saotome, 2018). 

Due to the precise nature of satellite attitude control problem, it is necessary to have an accurate measurement of the 
satellite’s mass properties, such as the center o
estimated by CAD software during the man
computational model for numerical simulation
MuSat’s sphere (Costa and Saotome, 2018)

However, due to eventual modifications
the replacement of internal batteries, modifications on the
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This paper presents the identification of the inertia matrix and the center of mass from the 
imulator (SADS) platform developed by ITA, named MuSat, using the extended Kalman f

consists on a sphere suspended by an air bearing, which allows the sphere to rotate frictionless in all three axes. The 
sphere contains three orthogonally oriented reaction wheels for exerting torque on the system, and a 9

DOF IMU), which will be used for acquiring attitude data from the sphere. The 
reaction wheels are used for exciting all modes of the system, and the attitude response measured by the IMU is used 

 

System Identification, Extended Kalman Filter, Satellite Attitude Dynamics Simulator

The problem of satellite dynamics and control is one of the main topics of research work at ITA, given its mission of 
training personnel for working in the aerospace industry. One of the most critical parts for the correct functioning of a 

ystem (ACS), which is responsible for the adjustment of orientation of the satellite in 
space. A precise ACS is required for the correct pointing of antennas, of solar panels for recharging batteries, and for 

he purposes of validating satellite ACS and demonstrating satellite dynamics for students, a spherical satellite 
imulator (SADS) platform has been developed by the institution, as documented in (Figueiredo and 

et al., 2014). This SADS platform was named MuSat (short for “Mock
consists on a sphere suspended in a very thin layer of air by a spherical air bearing, so that the sphere is free to rotate in 

reaction wheels as actuators and an inertial measurement u
acquisition. Its functioning has been demonstrated in the works of (Silva et al., 2014), (Costa and Saotome, 2016), and 

satellite attitude control problem, it is necessary to have an accurate measurement of the 
satellite’s mass properties, such as the center of mass and inertia matrix. The mass properties of the MuSat

during the manufacturing process. These initial estimates were
for numerical simulation (Silva et al., 2014) and for designing new control schemes

MuSat’s sphere (Costa and Saotome, 2018).  
ations made on the MuSat physical simulator (the sphere)

modifications on the wiring and communication devices, the mass properties of the
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TELLITE ATTITUDE 
NDED KALMAN 

This paper presents the identification of the inertia matrix and the center of mass from the satellite attitude 
Kalman filter. This platform 

consists on a sphere suspended by an air bearing, which allows the sphere to rotate frictionless in all three axes. The 
torque on the system, and a 9-degrees of 

DOF IMU), which will be used for acquiring attitude data from the sphere. The 
reaction wheels are used for exciting all modes of the system, and the attitude response measured by the IMU is used 

Simulator. 

The problem of satellite dynamics and control is one of the main topics of research work at ITA, given its mission of 
training personnel for working in the aerospace industry. One of the most critical parts for the correct functioning of a 

ystem (ACS), which is responsible for the adjustment of orientation of the satellite in 
space. A precise ACS is required for the correct pointing of antennas, of solar panels for recharging batteries, and for 

mics for students, a spherical satellite 
imulator (SADS) platform has been developed by the institution, as documented in (Figueiredo and 

et al., 2014). This SADS platform was named MuSat (short for “Mock-Up Satellite”), and it 
spherical air bearing, so that the sphere is free to rotate in 

ment unit (IMU) for attitude 
acquisition. Its functioning has been demonstrated in the works of (Silva et al., 2014), (Costa and Saotome, 2016), and 

satellite attitude control problem, it is necessary to have an accurate measurement of the 
f mass and inertia matrix. The mass properties of the MuSat were initially 

were used on the MuSat’s 
for designing new control schemes for the 

physical simulator (the sphere) over the years, such as 
wiring and communication devices, the mass properties of the 
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system have changed from those initially estimated during the project. This may lead to dissonance between the 
computational model used for numerical simulation and results obtained from the physical simulator. 

This work demonstrates the usage of the actuators and tools already present on the platform for identification of the 
system parameters. The reaction wheels are used for exciting the system, and the attitude response is then measured by 
the sensors in the sphere. The Extended Kalman Filter (EKF) will be used to determine the correct parameters of the 
system, as it can be used as an estimator of the states and the parameters of a nonlinear system.   
   
2. THE MUSAT SATELLITE ATTITUDE DYNAMICS SIMULATOR  
  
2.1 Description of the MuSat Test Bed 
  

The MuSat test bed is a SADS platform, designed by the Laboratory of Space Robotics at ITA, for performing 
satellite attitude control experiments on laboratory, such as testing, validating and comparing the performance of non-
linear control schemes, and demonstrating the effects of gyroscopic and gravitational torques present on satellite 
attitude dynamics. The MuSat consists on an air bearing that maintains an aluminum sphere floating over a very thin 
layer of air. This creates a nearly frictionless environment in which the sphere is free to rotate in three axes, limited only 
by the edges of the bearing. 

Internally there are three orthogonally orientated reaction wheels aligned with each axis of rotation of the sphere, 
functioning as actuators for attitude control. Each reaction wheel comprises a 3242G012BX4 brushless motor and its 
motion controller device, sold by Faulharber. The motion controller devices are responsible for driving the motors of 
each wheel to a given velocity and providing measurement of their current velocity. By commanding the motors’ 
motion controller to accelerate or decelerate a wheel, torque can be imposed on the sphere, which will cause the sphere 
to rotate over the bearing.  

Atop the sphere, there’s a lid containing a single GY-80 Inertial Measurement Unit (IMU). This IMU contains a 
three-axis magnetometer, a three-axis accelerometer and a three-axis gyro sensor, which are used in the experiment for 
acquiring the sphere’s current attitude and angular velocity. The lid also contains two counterweights, which can be 
used to manually adjust the position of the center of gravity of the sphere. 

An Arduino Mega Board manages the data acquired by the IMU and each one of the reaction wheel’s controllers. 
Communication with the IMU is done over the I2C protocol, while the RS-232 standard is used for communicating with 
the reaction wheels’ motion controllers. Additionally, the Arduino Mega is also responsible for establishing wireless 
communication through WiFi with an external computer. An ESP-8266 is used as a WiFi Module for the Arduino.  

The computer will act as a ground station for the SADS. The program executed on the computer logs and displays 
the data transmitted by the MuSat sphere, which contains the current attitude, angular velocity and the wheels 
velocities. It can also execute an attitude control algorithm defined by the user, so that the reaction wheels are 
accelerated or decelerated accordingly to the control laws defined in the program. The calculated acceleration for all 
three wheels are numerically integrated within the program, and are then transmitted back to the MuSat as velocity 
commands, therefore closing a control loop. 

Figure 1 shows a photograph taken of the sphere rotating over the air bearing, along with a computer running a 
control algorithm designed in MATLAB. Figure 2 presents a block diagram of the MuSat system, presenting a general 
overview of the system including the external controller algorithm. 

 

 
 

Figure 1. Photograph of MuSat Sphere over the air bearing. 
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Figure 2. Block diagram of the MuSat system. 
 

2.2 System dynamics 
 
The coordinate system used in the following equations follows the Local NED (North-East-Down) convention 

commonly used in aeronautics. The origin is located at the center of rotation of the sphere, with the x-axis pointing 
forward, the Y-axis pointing towards the right, and Z-axis points downwards. 

The dynamics of the MuSat sphere can be derived from the summation of all the torques acting on the system. 
Consider the system’s total angular momentum vector H: 

 
𝑯 =  𝑯𝒔𝒑𝒉𝒆𝒓𝒆 + 𝑯𝒘𝒉𝒆𝒆𝒍𝒔 =  𝑰𝒔𝒑𝒉𝒆𝒓𝒆𝝎 + 𝑱𝒘𝒉𝒆𝒆𝒍𝒔(𝛀 + 𝝎) = 𝑰𝒔𝒚𝒔𝒕𝒆𝒎𝝎 + 𝑱𝒘𝒉𝒆𝒆𝒍𝒔𝛀           (1) 

 
Where 𝑯𝒔𝒑𝒉𝒆𝒓𝒆 and 𝑯𝒘𝒉𝒆𝒆𝒍𝒔 are the angular momentum of the sphere and the wheels respectively, 𝑰𝒔𝒚𝒔𝒕𝒆𝒎 is the 

combined inertia matrix of the system (sphere’s body and wheels), 𝑰𝒔𝒑𝒉𝒆𝒓𝒆 and 𝑱𝒘𝒉𝒆𝒆𝒍𝒔 are the sphere’s and the wheels’ 
moment of inertia respectively. The vectors 𝝎 = [𝜔௫𝜔௬𝜔௭ ]𝑻and 𝛀 =  [Ω௫Ω௬Ω௭  ]𝑻 represent the angular velocity of the 
sphere and relative angular velocity of the reaction wheels. Both 𝝎 and 𝛀 are represented in the sphere’s body 
coordinate system.  

The external torque acting on the sphere 𝑻𝒆𝒙𝒕 is obtained from Euler’s angular momentum equation (Sidi, 1997), as 
shown in Eq. (2). By isolating 𝝎̇, one obtains the angular acceleration of the system. 

 
𝑻𝒆𝒙𝒕 =  𝑯̇ +  𝝎 × 𝑯 =  𝑰𝒔𝒚𝒔𝒕𝒆𝒎𝝎̇  + 𝑱𝒘𝒉𝒆𝒆𝒍𝒔𝛀̇ + 𝝎 × 𝑰𝒔𝒚𝒔𝒕𝒆𝒎𝝎 + 𝝎 × 𝑱𝒘𝒉𝒆𝒆𝒍𝒔𝛀             (2) 
 
𝝎̇ =  𝑰𝒔𝒚𝒔𝒕𝒆𝒎

ି𝟏[ 𝑻𝒆𝒙𝒕 − 𝑱𝒘𝒉𝒆𝒆𝒍𝒔𝛀̇ − ൫𝝎 × 𝑰𝒔𝒚𝒔𝒕𝒆𝒎𝝎൯ − (𝝎 × 𝑱𝒘𝒉𝒆𝒆𝒍𝒔𝛀)]             (3) 
  
In this paper, it is assumed that the external torque 𝑻𝒆𝒙𝒕 is caused solely by gravitational torque, that is, the 

misalignment of the center of mass with respect to the center of rotation of the sphere. Therefore 𝑻𝒆𝒙𝒕 can be calculated 
by: 

 

𝑻𝒆𝒙𝒕 =  𝒓𝑪𝑴 × 𝑚𝒈 =  𝑚. |𝑔| ቎

𝑟௬ cos 𝜙 cos 𝜃 − 𝑟௭ sin 𝜙 cos 𝜃

−𝑟௭ sin 𝜃 − 𝑟௫ cos 𝜙 cos 𝜃
𝑟௫ sin 𝜙 cos 𝜃 + 𝑟௬ sin 𝜃

቏      (4) 

 
where  𝒓𝑪𝑴 =  [𝑟௫ , 𝑟௬ , 𝑟௭]𝑻 .is the position of the center of mass of the sphere, m is the MuSat’s combined mass, and g is 
the gravity vector represented in the sphere’s body coordinate system. Decomposing the cross product in Eq. (4) yields 
the vector seen on right side of the equation.  

In order to convert the angular rate vector 𝝎 to Euler angular rates [𝜙̇ 𝜃 ̇ 𝜓̇]் (in which the vector [𝜙 𝜃 𝜓]் contains 
the Euler angles roll, pitch and yaw respectively), the conversion matrix shown in Eq. (5) must be applied. 

 

቎

𝜙̇

𝜃̇
𝜓̇

቏ = ቎

1 𝑠𝑖𝑛ϕ𝑡𝑎𝑛θ 𝑐𝑜𝑠ϕ𝑡𝑎𝑛θ
0 𝑐𝑜𝑠ϕ −𝑠𝑖𝑛ϕ

0
௦௜௡ம

௖௢

௖௢௦ம

௖௢

቏ ൥

𝜔௫

𝜔௬

𝜔௭

൩        (5) 

  
3. EXTENDED KALMAN FILTER 
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3.1 Definition 

 
The extended Kalman filter (EKF) is a well known algorithm used primarily for estimating the current state 

variables of a nonlinear system. Like the traditional Kalman filter, it provides an accurate estimation of the states of a 
given system in two iterative steps: the time propagation or prediction step, in which the current state is estimated by 
using a linearized model of the system, and the measurement update step, in which the prediction is corrected by 
considering the uncertainty of the linearized model and the uncertainty present on the measurement. The EFK can be 
modified for estimating parameters of the system as well, by treating the system parameters to be identified as part of 
the state vector estimated by the EKF. 

Consider the following representation of nonlinear system 𝒙𝒌 at the instant 𝒕𝒌, with parameters represented by 𝚯𝒌 
and known inputs 𝐮𝒌,given by 

  
𝒙𝒌̇ = 𝒇(𝒙𝒌, 𝒖𝒌, 𝚯𝐤) + 𝒘𝒙          (6) 

 
where 𝒇(𝒙𝒌, 𝒖𝒌, 𝚯𝐤) is a nonlinear function and 𝒘𝒙 is an set of unknown inputs. 

Likewise, assume that there’s a set of measurements, 𝒚𝒌, obtained by sensors modeled by 𝒉𝒌 and corrupted by 
sensor noise signal 𝒗𝒌: 

 
𝒚𝒌 = 𝒉𝒌(𝒙𝒌) + 𝒗𝒌           (7) 

 
The Extended Kalman Filter can then be summarized by a set of five equations, which includes both the time update 

step and measurement correction of x (Best et al., 2007). 
  

𝑭𝒌
∗ = 𝑭(𝒙ෝ𝒌) − 𝑺𝑹ି𝟏𝑯(𝒙ෝ𝒌)           (8) 

 
𝑲𝒌 = 𝑷𝒌𝑯𝑻(𝒙ෝ𝒌)[𝑯(𝒙ෝ𝒌)𝑷𝒌𝑯𝑻(𝒙ෝ𝒌) +  𝑹]ି𝟏          (9) 

 
𝑷𝒌

∗ = [𝑰 − 𝑲𝒌𝑯(𝒙ෝ𝒌)]𝑷𝒌          (10) 
 

𝑷𝒌ା𝟏 = 𝑷𝒌
∗ + ∆𝒕[𝑸 − 𝑺𝑹ି𝟏𝑺𝑻 + 𝑭∗(𝒙ෝ𝒌)𝑷𝒌

∗ + 𝑷𝒌
∗ 𝑭∗𝑻(𝒙ෝ𝒌)]      (11) 

 
𝒙ෝ𝒌ା𝟏 = 𝒙ෝ𝒌 + 𝑲𝒌൫𝒚𝒌 − 𝒉(𝒙ෝ𝒌)൯ +  ∆𝒕[𝒇(𝒙ෝ𝒌) + 𝑺𝑹ି𝟏൫𝒚𝒌 − 𝒉(𝒙ෝ𝒌)൯]     (12) 

 
where 𝒙ෝ𝒌is the system estimate, 𝑭(𝒙ෝ𝒌)and 𝑯(𝒙ෝ𝒌)are the Jacobian of 𝒇(𝒙𝒌, 𝒖𝒌, 𝚯𝐤) and 𝒉𝒌(𝒙𝒌) respectively, 𝑲𝒌 is the 
Kalman gain, and ∆𝒕 is the sample time between instants 𝒕𝒌 and 𝒕𝒌ା𝟏. The matrices P, Q, R and S are error covariance 
matrices associated with the estimate, the model’s prediction, sensor measurement, and cross measurement-process 
respectively (Best et al., 2000). 

One can then identify parameters of the system by augmenting the state vector estimated by the EKF as 𝒛ത = [𝒙, 𝚯]𝑻. 
The dynamics of this augmented vector is described by 

 

𝒛ത̇ = ൤
𝒙𝒌̇

𝚯𝐤̇
൨ = ቂ

𝒇(𝒙𝒌, 𝒖𝒌, 𝚯𝐤)

𝟎
ቃ + ቂ

𝒘𝒙

𝒘𝚯
ቃ         (13) 

 
Where 𝒘𝚯 is the uncertainty associated with the parameters 𝚯.  
Equation (13) indicates that the estimated parameters are assumed to be constants in the real system, if 𝒘𝚯 is defined 

as zero. As such, in this implementation of the EKF, parameters will converge to their correct values as a result of the 
measurement update step, rather than as result of time propagation step. As a result, the parameter convergence 
dynamics are slower than the system’s state propagation dynamics (Best et al., 2007). 
 
3.2 Application on the MuSat Platform 
 

In this work, the EKF will be used for estimating the inertia matrix 𝑰𝒔𝒚𝒔𝒕𝒆𝒎 elements and the position of the center of 
mass 𝒓𝑪𝑴 =  [𝑟௫ , 𝑟௬ , 𝑟௭]𝑻. The function 𝒇(𝒙𝒌, 𝒖𝒌, 𝚯𝐤) can be derived from Eq. (3), Eq. (4) and Eq. (5). Therefore, the 
state vector estimated by the filter must be defined as 𝒙 = [𝜙 𝜃 𝜓 𝜔௫𝜔௬𝜔௭𝑟௫𝑟௬𝑟௭𝐼௫௫𝐼௬௬𝐼௭௭,𝐼௬௭𝐼௫௭𝐼௫௬]𝑻, where 
𝐼௫௫  , 𝐼௬௬ , 𝐼௭௭,, 𝐼௬௭ , 𝐼௫௭ , 𝐼௫௬ are components of the inertia matrix. To initialize the filter, it is necessary to provide an initial 
value for these parameters, from which they will converge towards the identified values. All system variables are 
initially assumed to be at the origin, while the CAD values of the moment of inertia matrix are used as the initial guess 
for the EKF. The initial guess for the position of the center of mass is at the center of rotation of the sphere. 
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It is suggested in (Oliveira et al., 2013) and in (Sharifi and Zabihian, 2018) that due to the nonlinear nature of the 
satellite dynamics, all modes must be excited for obtaining an accurate measurement of the mass properties. Therefore, 
for exciting the system, the attitude controller (shown in the structure presented in Fig. 2) was modified so it commands 
the reaction wheels to generate an excitation input torque for each axis. The resulting attitude response data is then used 
on the filter, which will then estimate the values of the inertia matrix and the CM position. 

 
4. RESULTS 

 
The controller was then configured to generate a sinusoidal input torque for each one of the wheels. All wheels were 

continuously accelerated and decelerated from 1950 to 2050 RPM. The input sinusoid has a period of 120 seconds, 
generating up to 0.34408 mNm of torque on each axis. The phase delay between each sinusoid is of 120 degrees. Data 
was acquired at a rate of 0.2 seconds. This experiment lasted 300 seconds, acquiring 1501 samples. 

Figure 3 shows the torque output and the velocity of each reaction wheel. Figure 4 shows the response measured by 
the sphere’s IMU, in terms of attitude and angular velocity. 

  

 
 

Figure 3. Reaction wheels’ output torque and spinning velocity. 
 

 
 

Figure 4. System response measured by the IMU. 
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By feeding the EKF with the data obtained from the experiment, the EFK provided a stable estimation of the current 

position of the center of mass and the current mass properties of the sphere. The parameters used for initializing the 
EFK can be seen on Tab. 1.  

 
Table 1. Data used for initializing the EKF. 

 
EKF parameter Value 

Initial attitude vector [𝜙 𝜃 𝜓]்(rad) [0 0 0]்  
Initial angular velocity vector 𝝎 (rad/s) [0 0 0]்  
Initial center of mass position 𝒓𝑪𝑴 (m) [0 0 0]்  

Initial moments of inertia ൣ𝐼௫௫𝐼௬௬𝐼௭௭൧
்
(kg.m2) [0.1358 0.1359 0.1227]் 

Initial products of inertia ൣ𝐼௬௭𝐼௫௭𝐼௫௬൧
்
(kg.m2) [2.2952 × 10ିସ −1.7439 × 10ିସ  −2.2908 × 10ିହ ]் 

diag(Q) 10ିଽ[0,0,0,1,1,1,0,0,0,0,0,0,0,0,0]் 
diag(R) 10ିହ[0.1 0.1 0.1 1 1 1]் 

Initial covariance diag (P) [10ିଵ, 10ିଵ, 10ିଵ, 10ିଵ, 10ିଵ, 10ିଵ,

10ି଻, 10ି଻, 10ି଻, 10ିହ, 10ିହ, 10ିହ, 10ିସ, 10ିସ, 10ିସ]

்

 

 
The parameters P, Q and R of the EKF were not known a priori. Simulation work performed in (Oliveira et al., 

2013) indicated that the choice of these parameters have a large impact on parameter estimation performance. 
Therefore, a strategy for choosing these parameters was devised.  

First, Q and P were set to extremely small values in comparison to R. This causes the EKF to practically ignore the 
measurement update step and prevents the estimated parameters from varying over time, as all measurements are 
assumed to have very high uncertainty in comparison with the predictions obtained from the model. This procedure 
allows one to verify the soundness of the underlying prediction model contained in the EKF.  

After verifying that the underlying dynamical model of the EKF is functional, Q and P and were then manually and 
gradually increased up to the values in listed in Tab.1, for which the EKF yielded stable parameter estimations.  

The results obtained from the estimation process can be seen on Fig. 5, with the final estimated parameters listed on 
Tab. 2. 

 

 
 

Figure 5. Properties estimated by the EKF. 
 

Table 2. Mass characteristics estimated by the EKF. 
 

Estimated Parameter Value 
I 𝒓𝑪𝑴 (m) [−8.356 × 10ି଼ − 9.742 × 10ି଻ 1.576 × 10ିହ]்  

Moments of inertia ൣ𝐼௫௫𝐼௬௬𝐼௭௭൧
்
(kg.m2) [0.09309 0.09959 0.1265]் 



25th ABCM International Congress of Mechanical Engineering 
October 20-25, 2019, Uberlândia, MG, Brazil 

Products of inertia ൣ𝐼௬௭𝐼௫௭𝐼௫௬൧
்
(kg.m2) [0.05248 0.0886 −0.003276]் 

 
In order to validate the estimated parameters, the dynamical model presented in Eq. (3) was simulated using the 

same inputs used on the experiment and incorporating the parameters estimated by the EKF.  
Figure 6 and Fig. 7 shows the simulation results, for attitude and angular velocity response over time. It can be seen 

on both plots that the model using the estimated parameters (marked in solid orange) provided a reasonably good fit for 
the experimental results (marked in dotted blue), although slightly out of phase.  

 

 
Figure 6. Attitude response of the simulated model using the estimated parameters. 

 

 
Figure 7. Angular velocity response of the simulated model using the estimated parameters. 

 
 

5. CONCLUSION 
 

This work presented the experimental application of the extended Kalman filter for identifying the mass properties 
of the MuSat satellite attitude dynamics simulator. The results obtained indicate that the attitude dynamics equations are 
sufficient to estimate the mass properties of the system. However, the parameters of the filter, such as the initial 
covariance matrix P, model covariance matrix Q and measurement error covariance matrix R had to be defined 
empirically, which yielded a slightly delayed dynamics in our simulations in comparison with the experimental results. 
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We believe that a better choice of the filter parameters may lead to a more precise estimation of parameters, especially 
regarding the products of inertia of the system.  

For future works, it is suggested devising an automated and/or optimized procedure for defining the extended 
Kalman filter initialization parameters, so that the parameters estimated by the EKF converge to their correct values at a 
minimum desired rate.  
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