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PROPORTIONAL AND BANG-BANG CONTROLLER FOR
SPACE VEHICLE DE-TUMBLING USING
QUATERNION-BASED ATTITUDE DETERMINATION

Florin MINGIREANU?, Laurentiu BASCHIR?, Sorin MICLOS?,
Dan SAVASTRU?*, Nicolae JULA®

Attitude determination and control of a space vehicle is an important task that can
make the difference between a failed and successful mission. Many types of sensors and
actuators are employed in order to achieve good performance in attitude determination and
control. Upon deployment from the launcher a space vehicle needs to determine its attitude
and then control it in an agile way. Technologically it is impossible to separate the space
vehicle without any residual angular velocities. Hence, a de-tumbling procedure needs to
be performed to prepare the space vehicle for its subsequent mission. An agile de-tumbling
is needed to save fuel and energy resources onboard the space vehicle. Our research team
has developed an in-house software package written in FORTRAN that allows accurate
simulation of attitude determination and control for space vehicles. The attitude is
represented in the body reference system and the attitude solution is evolved using a
quaternion-based formulation. Torques is included as user defined parameters. For the
current work the focus is kept on control torques which is assumed to be significantly
larger than the external perturbatory torques, a condition needed for an agile attitude
control system.

Keywords: tumbling, attitude determination, space vehicle.
1. Introduction

Human and non-human space vehicles have been used since the beginning of
space age [1,2]. A space vehicle can fulfill a wide range of missions such as:
Earth surveillance [3], satellite inspection [4], experimental payload deployment,
deep space exploration missions (e.g. Moon, Mars) [5].

Typically a space vehicle is injected onto the desired trajectory using a
launcher system. A European launcher system typically used for small and
medium payloads is the 4 stage Vega vehicle — Fig. 1.
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Fig.1 Vega space launcher [6].

Regardless of the type of launcher, upon injection on its desired trajectory a
space vehicle can have some residual angular velocities around 1, 2 or all 3 axes.
In order to accurately fulfill its mission the space vehicle needs to decrease the
angular velocities to zero or to some controlled values acceptable for the mission
for which it is intended. The operation of eliminating the residual angular
velocities is named de-tumbling [6] and represents an important phase in the
overall mission since the success of the mission depends upon the successful de-

tumbling procedure.

2. Quaternion formulation for attitude solution

The body reference system associated with a space vehicle is shown in Fig. 2
[7-11].

. Xy

Fig. 2. The system of reference.
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A set of 3 coupled differential equations can be written in order to describe the
attitude dynamics of the space vehicle. The 3 coupled differential equations
represent only half of a full 6 DOF model [12].

The attitude dynamics equations written in vector form are as it follows [12-15]:

—E—+QXK=ZHi+HT (1)

D ct cl (B-C)ar
q =171 Ho| Ca |+ Hro|Cm [t= 171 (C—A)rp )
r ch o (A-B)pq

For a space vehicle we assume that aerodynamic torques is negligible and
hence equations (2) become:

P c (B-C)ar
q|=1"HolCh =17 (C—A)rp (3)
r cl (A-B)pq

This assumption can still be true even in the presence of aerodynamic torques
if the control torques is significantly larger than the aerodynamic torques.

Instead of using Euler formulation for the rotation between the body reference
frame and the inertial reference frame, we choose the quaternion base formulation.
The advantage of the quaternion based formulation is that it does not exhibit any
trigonometric singularities providing lock free formulation when compared to
Euler formulation [12].

The direct matrix of rotation Ai is [9, 10]:

0G+07 —05—05  —2(Glp+030)  —2(0lgy —Gplls)
A=| 2(t%-0t) -05-G+05+af  ~2(0p0s+0sth) @
203 +0pts)  -2(0pUg—0gth) —0F -3 +f +03
while the inverse matrix of rotation B; is the transpose of A i:
G+ -05-05  2(t%-Ggls)  2(0a% +Gls)
B =| —2(ay0 +0304) —qﬁ —q§ + q% + Q12 ~2(0205 — 94 (5)
2(03 - Upl)  —2(UpUs+UaCh) -0 -3 +0f +05
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The relations between Euler angles and quaternions are given as it follows
[12]:

ql:—cosﬂ-sing-sin£+sin£cosg-cos£
2 2 2 2 2

0 = cosﬂsinzcosﬂwinﬂcosﬂsinZ
2 2 2 2 2

q3:cosﬂ-cosg-sinz—sinﬂsing-cosK (6)
2 2 2 2 2 2

O :cosﬂ-cosﬁ-cos£+sin£-sing-sinZ
2 2 2 2 2
In an attitude control system a 3D gyroscope is typically used. The signals of
the gyroscope for each of its axis represent the angular velocities in the body
reference system.
The equations that connect the gyroscope signals to the time derivative of
quaternions are [12, 14, 16]:

T . 1T
[P g r] =Uq[tn G Gs] (7)
where
o 0o 0sth |
Up+——  Og+—r —Qpt——v
‘ Qs ° U4 ? Q4
2
L) g2 0392
Uy=2|-O3+—= Qgq+—= g +—=—= 8
a : 4 ! U4 ' Q4 ®)
2
) + % -0 + 2% Q4 + B
i U4 Ga ds |
Hence, the full attitude kinematics in quaternion formulation is as follows:
v} 0 r -q p||la ds -Gz O
G| _1|-r 0 p qfG2|_1/0d3 QG ~% q ©)
G| 2/ 9 -p 0 rjdg| 2|-G G G4 h
U4 -p -q -r 0][gs -G —Oy —O3

A free tumbling space vehicle dynamics would be characterized by the
differential equations (3) in which we set all control torques to zero values:
T
C| 1
T
HTO Cm = Tz ZO (10)
cl| L7
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This is the case of the space vehicle dynamics just after the separation from the
launcher.

In order to de-tumble the space vehicle a coordinated set of correction torques
71, 72, 73 have to be applied as functions of time such that the angular velocities of
the space vehicle are reduced to zero.

A solution is to apply proportional correction torques such as:

7| |k
o |=| —koq (12)
T3 —k3r

where ki, ko, ks are proportional control coefficients. Another technologically
simpler solution is to use a bang-bang type of controller where the torques 71, 72, 3
have non-zero values if the corresponding angular velocity is larger than a
threshold value. The bang-bang controller is simpler to be implemented than the
proportional correction torques controller. However, for longer missions the
proportional correction torques controller might exhibit lower fuel/energy
consumption.

3. Numerical model and initial conditions

A FORTRAN code was developed using the differential equations for
quaternion-based attitude solution (2), (4), (5), (8) and (9) [17-23]. The code block
structure is shown in Fig. 3.

Fig. 3. Attitude block control.
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The FORTRAN code uses an input file named INPUT.dat that contains the
main characteristics of the space vehicle: initial angular velocities, initial attitude
angles, moments of inertia.

Upon running the FORTRAN code the results are stored in several output files
which store pitch, yaw, roll angles and pitch control torque, roll control torque and
yaw control torque. The user can view these values using GNUPLOT.

The numerical examples were run using a slender body space vehicle with
INPUT.dat characteristics shown in Table 1.

For each case (Case 1, Case 2 and Case 3) shown in Table 1 there were 2
simulations performed. One simulation used the proportional controller as
described by equation (11) while the second simulation used the bang-bang
controller with a dead-band for all angular velocities of 0.01 degrees/second. Roll,
yaw and pitch angles as functions of time are displayed for each simulation. At
the same time, the control torques as functions of times are also displayed for each
simulation in order to assess the effectiveness of each control technique for each
of the cases.

Table 1
Space vehicle characteristics INPUT.dat

Name Casel Case2 Case3
Roll angle (°) 0.0 20.0 20.0
Pitch angle (°) 0.0 0.0 15.0
Yaw angle (°) 0.0 0.0 23.0
Roll rate (°/s) 100.05 100.05 100.05
Pitch rate (°/s) 0.0 119.9 119.9
Yaw rate (°/s) 0.0 0.0 90.0

Roll moment of inertia (kg/m?) 0.1499 0.1499 0.1499
Pitch moment of inertia (kg/m?) 41.58 41.58 41.58
Yaw moment of inertia (kg/m?) 41.58 4158  41.58

4. Numerical results

Proportional and Bang-bang controller are distinctly considered.
Proportional controller
For all cases (Case 1, Case 2 and Case 3) a proportional controller was used
with the proportional coefficients given by the following equation:
ki=ky=ks=-1.7 (12)
The proportional coefficients were chosen to be equal in order to simplify a
potential technological implementation of the de-tumbling controller. The total
simulation time was 333 seconds which was found to be more than enough for the
de-tumbling procedure.
For the Case 1, in Fig. 4, Fig 5 and Fig. 6 it can be noticed that the roll, pitch
and yaw angles become constant after a time of about 50 seconds. At the same
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time the roll, pitch and yaw angle rates become zero. That moment corresponds to
the de-tumbling moment of the studied space vehicle.
It can also be noticed that the de-tumbling occurs only on the roll axis since the

initial angular velocity for Case 1 has only a roll component.

There a no correction torque acting on pitch and yaw axis since there is no
angular velocity component on those axis. The roll angle is stabilized at about 150
degrees after 50 seconds. After 50 seconds the de-tumbling procedure ends.
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Fig. 4 Case 1 - Pitch angle and pitch rate.
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Fig.6 Case 1 - Yaw angle and yaw rate.
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For the Case 2, in Fig. 7, Fig 8 and Fig. 9 it can be noticed the roll, pitch and
yaw angles and their respective rates. In this case it was considered that the space
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vehicle has some residual angular velocities on both roll and pitch axis and no
residual angular velocity on yaw axis. At the same time, the space vehicle is
considered to start from a roll angle of 20 degrees in the positive direction.

Although the space vehicle initially has residual angular velocities only on the
pitch and roll axis, due to the coupling dynamics we can notice the yaw axis
angular velocity also becomes non-zero. However, the de-tumbling procedure is
able to cope with this and after about 150 seconds the roll, pitch and yaw angular
rates are stabilized to zero degrees per second. Hence, the de-tumbling procedure
successfully de-tumbles the space vehicle in about 150 seconds.
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Fig. 7 Case 2 - Pitch angle and pitch rate.
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Fig. 8 Case 2 - Roll angle and roll rate.
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Fig.9 Case 2 - Yaw angle and yaw rate.
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For the Case 3, in Fig. 10, Fig 11 and Fig. 12 it can be noticed the roll, pitch
and yaw angles and their respective rates. In this case the space vehicle is assumed
to have non-zero initial angular velocities on all axes (roll, pitch and yaw). At the
same time, the space vehicle is also assumed to have non-zero initial angles on

roll, pitch and yaw axis.
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Fig. 10 Case 3 - Pitch angle and pitch rate.

350

Roll angle (deg)/Roll rate (deg/s)

T T T T T
Roll angle

Roll rate

200

100 150 200 250 300
Time (s)

Fig. 11 Case 3 - Roll angle and roll rate.
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Fig.12 Case 3 - Yaw angle and yaw rate.
From Fig. 10, 11 and 12 it can be noticed that the de-tumbling in Case 3
occurs after about 150 seconds when the angular rates around all axes become 0

350
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°/s. Since in Case 3 the space vehicle has non-zero initial angles and non-zero
initial angular rates it can be concluded that the de-tumbling procedure is able to
de-tumble the space vehicle despite the complex coupled dynamics.
Bang-bang controller

From the numerical simulations shown for the proportional controller it can be
seen that the proportional controller is able to de-tumble a space vehicle even
when all axes exhibit initial angular velocities due to the separation of the space
vehicle from the launcher. A bang-bang controller has the advantage of being
simpler to implement than a proportional controller. Hence, its performance needs
to be analyzed compared to the performance of a more complex proportional
controller which was already shown to exhibit excellent de-tumbling capabilities.

In order to assess the performance of a bang-bang controller, Case 3 was
chosen as a baseline being the most complicated case from the 3 cases presented.
The bang-bang controller was implemented with equal correction torques 71 = 72 =
3 on all 3 axes (roll, pitch, yaw). The dead-band in angular velocity on each axis
was set to 1 °/s. Fig. 13, 14 and 15 shows the pitch, roll and yaw angles and their
respective time derivatives (pitch, roll, and yaw rates).
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Fig. 13 Bang-bang controller - Pitch angle and pitch rate.
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Fig. 14 Bang-bang controller — Roll angle and roll rate.
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Fig. 15 Bang-bang controller — Yaw angle and yaw rate.

The bang-bang controller de-tumbles faster the space vehicle. However, after de-
tumbling the vehicle will be rocking back and forth on each axis with an angular
velocity smaller than the dead-band. The torque activation after de-tumbling can
be observed in Fig. 16 where after 50 s, when the space vehicle is de-tumbled
according to Fig. 13, 14, 15, the torque is still used in order to maintain the space
vehicle within the allowed dead-band for the angular velocities. Fig. 16 shows the
roll torque for the bang-bang controller while Fig. 17 shows the roll torque for the
proportional controller.
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Fig. 16 Torque activation for bang-bang controller.
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Fig. 17 Torque activation for proportional controller.
From Fig. 16 and 17 it can be noticed that the fuel consumption of a bang-bang
controller is higher than the fuel consumption of a proportional controller.
The advantage of the bang-bang controller is that it offers a technological
simplification. In a bang-bang controller simpler actuators can also be used since
they only need to be ON or OFF.

5. Conclusions

A FORTRAN code is developed based on attitude dynamics and
kinematics equations with quaternion based formulation.

The FORTRAN code allows the comparison between various types of
controllers for the de-tumbling procedure of a space vehicle.

The in-house developed software allows great flexibility in analyzing
typical de-tumbling procedures for various space vehicles without the limitation
of commercial packages.

Proportional controller is compared with a bang-bang controller and while
the bang-bang controller is simpler than the proportional controller we conclude
that the proportional controller exhibits lower fuel/energy consumption which is
relevant for a longer mission.

The current work presents the basis of a future potential de-tumble
controller for space vehicle missions, including translunar and trans-Mars
missions.
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