
ISSN 2075-1087, Gyroscopy and Navigation, 2024, Vol. 15, No.2, pp. 51-59.            
Russian Text © The Author(s), 2024, published in Giroskopiya i Navigatsiya, 2024, No.2, pp. 85-97. 

Verification of Attitude Determination and Control Algorithms  
using Air-Bearing Test Table 

D. Cilden-Gulera*(ORCID: 0000-0002-3924-5422), A. Kutlub,
and Ch. Hajiyeva (ORCID: 0000-0003-4115-341X)

a Istanbul Technical University, Istanbul, Turkey,  
bEsen System Integration, Ltd., Ankara, Turkey 

*e-mail: cilden@itu.edu.tr
Received March 19, 2024, reviewed May 5, 2024, accepted June 27, 2024 

Abstract: A test platform is developed to provide experimental verification of attitude determination and control algorithms for 
a satellite. The testbed is used for the development and implementation of test cases including sensors, actuators, and algo-
rithms. The sensor suite consists of magnetometers, accelerometers, and gyroscopes used for state estimation. Three reaction 
wheels are used on each axis as the primary attitude control actuator. the test setup consists of the main payload-carrying table, 
mass balancing blocks, adapters for equipment installation, in order to make the mass balance, coarse balancing blocks are 
placed on the four corners and fine ones are mounted on each principal axis. The platform has a wireless monitoring system and 
a power distribution unit for online analysis. A computer is used to manage attitude determination and control tasks in a distrib-
uted control mechanism. After testing the maneuverability of the control system, various scenarios are evaluated and analyzed 
for magnetometer calibration and for satellite attitude estimation using traditional and nontraditional kalman type filters. 
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1. INTRODUCTION

Attitude Determination and Control System 
(ADCS) algorithms [1, 2] can be implemented using 
computer software, and must be validated in an ap-
propriate test configuration. Research suggests ground 
verification methods for evaluating designed algo-
rithms before spacecraft launch, with the ADCS being 
a challenging subsystem to test in disturbance-free 
rotations [3–8]. 

A ground test system for attitude determination 
and control of a satellite is presented in many studies 
[9–12]. The most widely used simulator platform for 
spacecraft rotational dynamics is based on air bear-
ings as stated in [3]. The air-bearing platform is used 
to advance the satellite model by providing practically 
torque-free rotating motion. Torque disturbances are 
primarily produced by the environment, platform, 
static and dynamic imbalance torques, and torques 
due to vibrations and electromagnetic interaction [7]. 
These torques can be eliminated in the design stage or 
by active systems. Orbit and attitude estimator is im-
plemented on a closed-loop simulator with a ground 
test environment based on a real spacecraft flight data 
in [13]. A spin magnetic attitude control system is 
validated using an air-bearing experiment table in 

[14]. In the hardware-in-the-loop experiment (HIL), 
only magnetic rods are used as attitude actuators as 
six sets of two rods. An experimental setup with a ball 
and wheel system is used in [15] for verifying the 
control algorithms. ADCS actuators with a quick re-
sponse to generate an active momentum modify the 
satellite attitude. In [16], a speed PID controller is de-
signed for a reaction wheel using low-cost materials 
for its implementation in 1U CubeSats. A study in 
[17] describes a hardware design of a tilted wheel and
its experimental setup as standalone and on a spheri-
cal air-bearing table. A benchmark is tested on three
microprocessors through performance analysis of
output power consumption in [18] in the context of
attitude determination and control. Attitude control
methods based on feedback linearization and state-
dependent Riccati equation for a satellite are assessed
using a frictionless spherical air-bearing test platform
in [19]. Attitude control algorithms for fault diagno-
sis, prediction, and tolerant control are verified using
a platform in [20]. Another study for spacecraft atti-
tude control testing when maneuvering at a large an-
gle is carried out on three-axis air-bearing testbed us-
ing a joint actuator including flywheel, thruster, and
automatic balancing device in [21].

An air-bearing attitude simulator is used in [5] 
with reaction wheels as actuators, magnetometers, and 
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sun sensors as attitude sensors. The extended Kalman 
filter (EKF) algorithm is verified using the test table 
on estimating the attitude states with the aid of the 
initialization information from one of the single-frame 
algorithms, QUEST. 

This study develops adjusting algorithms for 
HIL in laboratory conditions using low friction mo-
tion on an air-bearing table with unconstrained rota-
tion and constrained tilt angles [22].  First, the ma-
neuvering capability of the platform using the con-
trol algorithms is tested. Furthermore, traditional-
based and one of the single-frame methods based 
Kalman-type filtering algorithms [23, 24] are vali-
dated using the test platform. A magnetometer cali-
bration is also presented in case of a possible fault 
on the magnetometer measurements. 

The remainder of the paper is organized as fol-
lows. Section 2 presents the structural design and as-
sembly of the test setup.  The introduction of equip-
ment that functions as sensors and actuators (reaction 
wheels) with attitude determination and closed-loop 
control system software is carried out in Section 3. In 
Section 4, the algorithms are validated on the test set-
up. The last section concludes the paper. 

2. DESIGN AND ASSEMBLY  
OF THE TESTBED 

In this section, the design and assembly of the 
test setup and the system architecture are given. 
Closed-loop control loops and PC-104 hardware are 
used as the Real-Time Central Processing Unit 
Computer, which run all algorithms and manage the 
entire system. With this computer, which is suitable 
for rapid prototyping, the algorithms and models 
prepared in the Matlab/Simulink environment are 
directly translated into C language and run on this 
computer in real-time. 

3-axis Inertial Measurement Unit (IMU) is used to 
measure the attitude and angular rate of the system. 
The system consists of a microelectromechanical sys-
tems-based set of sensors, including a 3-axis rate gy-
roscope, accelerometer, and magnetometer. The test 
table weighs 22.6 kg and has a 70 cm outer circular 
diameter and 0.8 cm thickness. The main equipment 
includes sensors/IMU, reaction wheels, and modem, 
with a computer at the center and a battery block at 
the bottom. The battery block is symmetrically posi-
tioned with the power distribution box in terms of 
coarse mass balance. 

     
Fig. 1. Conceptual configuration of equipment put on the platform 

 
Fig. 2. Assembly of manufactured test table 

3. ATTITUDE DETERMINATION  
AND CONTROL SYSTEM SOFTWARE 

The ADCS model is created in the 
Matlab/Simulink environment. This model was con-
verted to C language using the Matlab Real Time 
XpC Target tool and is utilized on the air bearing plat-
form’s main control computer. 

The Matlab/Simulink-based attitude determination 
and control system model comprises the modules de-
scribed below: 
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 Air bearing table with dynamic and kinematic 
mathematical models, 

 Attitude control algorithm (Proportional, De-
rivative (PD) controller), 

 Reaction wheel mathematical model (based on 
U7 motor parameters), 

 Attitude estimation algorithms, 
 Magnetometer calibration algorithm, 
 Attitude error calculator. 

The goal of this architecture is to demonstrate the 
maneuverability of the wheels and the performance of 
the estimation algorithms. 

First, we present the kinematic model for a rigid 
body using the quaternion attitude representation as 
[9], 

1
( ) ( ( )) ( )

2 BNt t t q ω q    (1) 

Here, q is the quaternion vector, 

 1 2 3 4 .
Tq q q qq  First three of the terms rep-

resent the vector part and the last one is the scalar 

term, with 4

TT q   q g  and  1 2 3

T= q q qg . 

Ω(·) is the skew-symmetric matrix, 
T

BN x y z       is the body angular rate vec-

tor with respect to the inertial frame. The reference 
frame and the body frame are presented in Fig. 3. The 
dynamic equations of the satellite’s rotational motion 
can be derived based on the Euler’s equations;  

  ,BN
d BN BNdt

  J J
  N      (2) 

where J is the mass moment of inertia matrix which 
consists of principal moments of inertia as 

 , ,x y zdiag J J JJ  and Nd is the vector of disturb-

ance torque affecting the satellite. The external mag-
netic field effects are not considered in this study. The 
disturbance torque is assumed a constant value. 

The block diagram of attitude determination and 
control algorithms to be tested on the platform are 
presented in Fig. 4. The attitude and angular velocity 
estimation can be obtained from a conventional Kal-
man-type filter or SFM-aided Kalman-type filter. 
Therefore, the connecting lines of the estimation algo-
rithms in Fig. 4 are dotted lines.  

The single frame-methods aided Kalman type fil-
ters are designed as two stages. In the beginning, one 
of the single-frame methods processes the theoretical 
models and the measurements and provides attitude 

measurements to the second stage. At least two vec-
tors need to be measured in order to determine the 
attitude using the optimal attitude matrix. The loss 
function is defined as [25] 

  21
| |

2 i i i
i

L a A b Ar              (3) 

where bi is the measurement vector in the body coor-
dinate system and ri is the reference model in inertial 
frame, A is the attitude transformation matrix from 
inertial to body frame, ai is the non-negative weights 
of each sensor. The singular value decomposition 
(SVD) method is one of the single-frame methods 
(SFMs) used for minimization of Wahba’s loss func-
tion [26, 27] in determining the attitude of a space-
craft.  

 
Fig. 3. The diagram for the reference frames visualization. 

Second stage processes the attitude measurements 
and related covariance matrix in the Kalman-type atti-
tude estimation filter. The state vector can be estimat-
ed as 

 
ˆ ( 1)

ˆ ˆ( 1/ ) ( 1) ( )  ( 1/ )

k
k k k k k k
 

      

x

x K z H x
, (4) 

where  ( ) ( ) ( )
Tk k kz z z  is the measurement 

vector of attitude angles and angular velocities respec-
tively, H is the measurement matrix. For this study, 
the measurement matrix is a 6x6 unit matrix. The 
state prediction is 

 ˆ ˆ( 1/ ) ( ),k k k k x f x                 (5) 

where f[·] is the nonlinear system function. The 
gain of the filter is  

1

( 1)
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k

k k k k k
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 (6) 
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SFM is used in the first stage to determine the atti-
tude measurements contained in z vector as zФ, and 
update the measurement noise covariance matrix, R in 

every step. The attitude measurements of SFM can 
also be used as initialization values instead of choos-
ing them manually. 

 
Fig. 4. Attitude determination and control algorithm block schema. 

The covariance matrix of the prediction error is 

( 1/ )

ˆ ˆ[ ( ), ] [ ( ), ]
( / )

ˆ ˆ( ) ( )

T

k k
k k k kk k
k k

 

 
 

 

P

f x f x
P Q

x x

    (7) 

where Q is the process noise covariance matrix. 
The covariance matrix of the estimation error is, 

 ( 1/ 1) ( 1) ( 1/ )k k k k k     P I K H P  (8) 

In case of a bias type of fault on the magnetome-
ters, a Kalman-based magnetometer calibration al-
gorithm can be designed [28]. The continuous-time 
state equation of the problem can be defined as, 

bb u     (9) 

where        
x y z

T

b b b bk u k u k u k   u  is zero-

mean white noise. The state equation can be rewrit-
ten in discrete time as, 

( ) ( 1) ( 1)s bk k T k   b b u   (10) 

 

where ( ) ( ) ( ) ( )x y zk b k b k b k   b  and Ts is the 

sampling time.  
The magnetometer measurements can be mod-

eled as,  
( ) ( ) ( ) ( ) ( )m ok k k k k  B A B b v      (11) 

Where Bm(k) is the magnetometer measurement 
vector, Bo(k) is the reference magnetic field vector, 
b(k) is the bias vector on the magnetometer meas-
urements, v(k) is the measurement noise. The fol-
lowing optimum Kalman filter can be designed to 
estimate the magnetometer bias, 

ˆ ˆ( ) ( 1)

ˆ( ) ( ) ( 1) ( ) ( )b m o

k k

k k k k k

  

     

b b

K B b A B
   (12) 

  1
( ) ( / 1) ( / 1)b b b vk k k k k    K P P R    (13) 

 ( ) ( ) ( / 1)b b bk k k k  P I K P    (14) 

    2/ -1 -1
bb b s uk k k T P P Q    (15) 

From this, the biases on each channel of the 
magnetometer measurements can be estimated for 
fault compensation in the attitude estimation filter. 
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4. RESULTS AND DISCUSSION 

For the Kalman filter, 1 Hz discretization step is 
used. The filter has the following properties, initial 
estimation covariance matrix P0 = 10I, system noise 
covariance matrix Q = 0.01I, and the measurement 
noise covariance matrix is directly used from the 
SVD process as R = PSVD. The mass moment of in-
ertia of the platform is obtained as 

2

0.6953 0.0160 0.0060

0.0160 0.6075 0.0135   kg m

0.0060 0.0135 1.1724

 
    
   

J  with 

misalignment from the center of mass as 
0.028

0.022   mm

0.017

dx
dy
dz

   
      
      

, and 22.61 kg total mass (they 

have been calculated in the design stage of the plat-
form with final placement of the masses). 

 

 

4.1 Platform's Maneuverability 

The analysis results of a maneuver performed on 
30-degree roll and pitch angles are depicted in Figs. 5 
and 6. The wheels' maximum speed is set at 9240 
RPM, and the limit value is entered in the simulation 
environment. An attitude input has been given re-
motely from a computer connected to the platform’s 
computer via Wi-Fi in assessing the maneuver capa-
bility of the platform. The air bearing table has then 
run with this input real-time. For the maneuvers, PD 
controller is implemented where the desired torque is 
sent to the reaction wheels on the platform. The con-
trol coefficients are adjusted for a 60-second maneu-
ver to minimize wheel saturation and ensure optimal 
performance. The system reaches a steady state within 
60 seconds at initial speeds of 500 RPM, with a max-
imum speed value of less than 1000 RPM on all three 
wheels. The wheels remained within the specified 
torque and angular momentum capacity limits, avoid-
ing the risk of saturation for the next maneuver. The 
wheels' saturation status is checked for successive 
maneuvers, as shown in Figs. 7 and 8, and they do not 
undergo saturation in these maneuvers. 

 
Fig. 5. Maneuver: Attitude states of the platform 

 

Fig. 6. Maneuver: Angular velocities of the reaction wheels 
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Fig. 7. Successive maneuver: Attitude states of the platform 

 

Fig. 8. Successive maneuver: Angular velocities of the reaction wheels 

 

4.2 Validating the Attitude Estimation and 
Magnetometer Calibration Algorithms 

The attitude estimation algorithm uses magne-
tometer, angular velocity measurements, and accel-
erometer measurements to estimate roll, pitch, and 
yaw angles of a test table in three axes. The estima-
tion algorithm is based on angular velocity data, 
which are linear measurements. 

A conventional attitude estimation method is de-
signed, utilizing both system and sensor measurement 
models as inputs listed as: 

1. The estimated angular velocity values from the 
previous step, 

2. Attitude angle estimated values in the previous 
step, 

3. Angular velocity measurements, 
4. The angular velocity sensor error covariance 

value, 
5. The offset value between the accelerometer’s 

location and the rotation center, 
6. Measurements from the accelerometer, 

7. Accelerometer error covariance value, 
8. Moment of inertia matrix, 
9. The offset value between rotation and the mass 

centers, 
10. The system’s overall mass, 
11. Kalman estimation filter initial covariance ma-

trices (tuning parameters). 

For the conventional filter, the accelerometer data 
read from the sensor is compared with the gravity 
vector and the angular movement in the horizontal 
plane could be calculated. These measurements are 
not used in the SVD-aided EKF algorithm. The theo-
retical magnetic field model outputs and magnetome-
ter data from the test setup are retrieved. For the theo-
retical magnetic field model, 13th degree and order of 
the spherical harmonics is used without any trunca-
tion. The SVD-aided EKF then uses the test setup's 
magnetometer data as well as the model-based sun 
sensor vector outputs. Solar sensor is modeled theo-
retically, as the facility does not have a solar simulator 
yet. More information on SFM-aided Kalman-type 
filters can be found in [23, 29]. Figure 9 shows the 
estimation findings as roll, pitch, and yaw angles 
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along the x, y, and z axes, respectively. This test, 
therefore, to the best of the authors’ knowledge, vali-
dates the SVD-aided EKF algorithm on the test table 
experiments, which was presented only theoretically 
in previous studies. 

It is also possible to estimate the bias in the 
magnetometer measurements. Bias estimation in the 
augmented states can be used to calibrate magne-
tometers. For testing the magnetometer calibration 
algorithm, magnetometer measurements are cor-
rupted by a continuous bias as 2000 nT in x, 3000 
nT in y, and 1000 nT in the z-direction. The bias 
corruption is applied on top of the magnetometer 

measurement outputs before the filtering stage us-
ing the model provided in Equation (9). The cali-
bration of the magnetometer measurements is car-
ried out using a linear Kalman filtering method 
[28]. The magnetometer biases are estimated quick-
ly, and the filter converges within 40 seconds, as 
depicted in Fig. 10. A complementary table is cre-
ated for assessing the results. Here, Table 1 presents 
the absolute and relative estimation errors of the 
magnetometer biases as nT and percentages respec-
tively. After 30 seconds, the errors are approaching 
zero, confirming the convergence of the estimation. 

 

 
Fig. 9. SVD-aided EKF algorithm estimation. 

 

Fig. 10. Mean error of bias estimation 
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Table 1. The magnetometer bias estimations (absolute and relative errors) 

Time (s) 
Absolute Error (nT) Relative Error (%) 

x  y z x y z 

10 -5.4249 -8.1374 1.0850 -0.0027 -0.0027 0.0011 

20 -1.4951 -2.2428 0.2990 -0.7476e-3 -0.7476e-3 0.2990e-3 

30 -0.4452 -0.6679 0.0890 0.2226e-3 0.2226e-3 0.0890e-3 

40 -0.1334 -0.2002 0.0267 0.6674e-4 0.6674e-4 0.2669e-4 

50 -0.0400 -0.0601 0.0080 0.2002e-4 0.2002e-4 0.0801e-4 

60 -0.0120 -0.0180 0.0024 0.6004e-5 0.6004e-5 0.2402e-5 

 

CONCLUSIONS 

The structural systems are designed for the attitude 
determination and control test platform. Sensors and 
actuators are chosen based on a trade-off when creat-
ing the test setup. The platform validates algorithms 
built for estimating small satellite attitude. This is ac-
complished through the employment of both classic 
and non-traditional EKF techniques. For the control 
method, the well-known PD controller is implement-
ed for assessing the maneuverability capabilities of 
the platform. 

Small low Earth-orbiting satellites primarily utilize 
magnetometers for attitude state determination due to 
their lightweight, reliable, and low power consump-
tion properties. Magnetometer bias errors must be ad-
justed in order to accurately determine the attitude. 
Magnetometer observations during the initial stages 
of satellite missions are critical for determination and 
control systems. In this study, the Kalman filter-based 
approach is utilized to calculate the bias in each chan-
nel of magnetometer measurements. 
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