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ABSTRACT
In this paper, we describe numerical simulations and
ground experiments of variable shape attitude
control proposed by the authors to achieve both the
agile maneuvering and the high pointing stability. In
the numerical simulations, the optimal control theory
is applied for the attitude control in the shortest time.
In the ground experiments, an attitude control
performance evaluation experiment is conducted in a
two-dimensional microgravity environment using an
air levitation device. Also the vibration measurement
is carried out and the influence on the attitude of the
satellite on orbit is discussed.
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INTRODUCTION

Micro satellites occupy important positions in the
field of space development as they can demonstrate
advanced missions on orbit. The launch number of
micro satellites are now increasing, and it is
expected that the missions will be further advanced.
As the missions become more sophisticated,
demands on bus systems become much severer. For
example, Matunaga Lab at Tokyo Tech is
considering an astronomy satellite called "Hibari"[1].
Its missions are “position determination and optical
observation of gravitational wave sources”, and
accordingly,
“compatibility
between
agile
maneuvering and high pointing stability” is required.
For micro satellites, power, volume and mass are
severely restricted and it is difficult to mount all
necessary components.
Thus, the authors proposed a Variable Shape
Attitude Control (VSAC) as shown in Fig.1 [2-6].
The attitude of a satellite body is changed by the
reaction to rotate the solar paddles. Although some
studies on attitude variation by rotating robot arms
and solar paddles were conducted [7-8], few studies
have been applied to a practical satellite attitude
control by arm drive, and almost no demonstration
was shown on orbit in the practical mission.

Figure 1: Concept of Variable Shape Attitude Control
In the VSAC, the maneuver angle of the satellite
main body can be determined by driving the amount
of the paddle angles, and it is also possible to control
the attitude angular velocity of the body by the
driving speed of the paddle. Moreover, the attitude is
settled at the same time as the driving paddle is
stopped, and the disturbance of the rotating body
during the stationary state is small if there is no
flexible part in the satellite. As a result, we can
expect compatibility between the agile maneuvering
and the high pointing stability. However, the agility
and pointing stability might be mutually affected
from not only the adopted control algorithm but also
the adopted drive mechanism. Thus, it is necessary
to simulate the behavior on orbit by ground
experiments using the actual drive mechanism and
to evaluate the influence on agility and pointing
stability.
In this paper, first, we explain about results of
numerical simulations using the VSAC to achieve
both the agile maneuvering and the high pointing
stability. Next, we introduce a set-up of twodimensional ground experiment using an air
levitation device. Finally, we describe results of
ground experiments for the VSAC to take the
vibration-induced effect into the consideration.

2

NUMERICAL SIMULATION

2.1 Formulation
In this section, the fundamental principles of the

VSAC are briefly described as applied to the attitude
control of a rigid spacecraft. The objective here is to
present a simple mathematical model of a satellite
system equipped the VSAC. We formulate a
relationship between the angular velocity of each
body and the rotational speed of motors [3]. The
nomenclature is described in the Appendix.
First, we consider a multibody system consisted of 𝑛
bodies, and the main body has a number 0 and
appendages has numbers 𝑖 (𝑖 = 1, 2, … , 𝑛 − 1) .
Then, the total angular momentum 𝑯c about the
mass center of the system is written below and 𝑯c is
conserved when the resultant external torque equals
zero.
𝑛

𝑁

𝑯c = ∑{(𝒑𝑐𝑘 − 𝒑𝑐 ) × 𝑚𝑘
𝑘=0

𝑑𝒑𝑐𝑘
𝑑𝑡

(1)

𝑛−1

= −𝑰

−1

∑{𝒓𝑘 × 𝑚𝑘 (𝒓̇ 𝑘 + 𝝎0 × 𝒓𝑘 )
𝑘=0

+𝑱𝑘 𝝎𝑘/0 }
Because 𝒓𝑘 = 𝒇𝑘 (𝑞1 , 𝑞2 , … , 𝑞𝑛−1 ) = [𝑓𝑘1 𝑓𝑘2 𝑓𝑘3 ]𝑇 ,
𝒓̇ 𝑘 is obtained as
𝒓̇ 𝑘 =
where

𝜕𝒇𝑘
𝜕𝝃

is the Jacobian matrix of 𝒇𝑘 respect to 𝝃

𝝎𝑘/0 = ∑ 𝝎𝑗/𝑗 = ∑ 𝜉𝑗̇ 𝒆𝑗 = 𝛀𝑘/0 𝝃̇
̂
𝑗∈𝑘

The time derivative of the vector (ex: 𝒂 =
[𝑎1 𝑎2 𝑎3 ]𝑇 ) with respect to 𝐵𝑘 frame and 𝑁 frame
is represented as shown in Eq. 2.
𝑑𝒂
𝑑𝑡

𝐵𝑘

=

𝑑𝒂
+ 𝝎𝑘/𝑛 × 𝒂
𝑑𝑡

(2)

≡ 𝒂̇ + 𝝎𝑘/𝑛 × 𝒂
where 𝝎𝑘/𝑛 = [𝜔1 𝜔2 𝜔3 ]𝑇 is an angular velocity
vector of body 𝑘 with respect to 𝑁 frame. The cross
product of two vectors is presented with the matrix
notation as follows.
0
𝝎𝑘/𝑛 × 𝒂 = [ 𝜔3
−𝜔2

−𝜔3
0
𝜔1

𝜔2 𝑎1
−𝜔1 ] [𝑎2 ]
𝑎3
0

(3)

̃ 𝑘/𝑛 𝒂
≡𝝎
Here to simplify the discussion, suppose that 𝑯𝑐 =
0 at the initial time 𝑡𝑖 = 0 . We derive the main
body’s angular velocity from Eq. 1 as following.
𝑛−1

𝑁

𝝎0 = −𝑰−1 ∑{(𝒑𝑐𝑘 − 𝒑𝑐 ) × 𝑚𝑘
𝑘=0

𝑑𝒑𝑐𝑘
𝑑𝑡

(4)

+𝑱𝑘 𝝎𝑘/0 }

̂
𝑗∈𝑘

(7)

By considering Eqs. 5-7, 𝝎0 is function of 𝝃. Thus,
we can determine the angular velocity of the satellite
main body (body 0) caused by driving the
appendages using Eq. 4 ,the position, the velocity,
and the angular velocity of each bodies 𝒑𝑘 , 𝒑̇ 𝑘 , 𝝎𝑘 ,
respectively. In addition, the quaternion kinematic
differential equation is introduced for the main body
attitude.
𝑞̇ 1
0
1 −𝜔3
𝑞̇ 2
[ ]= [
𝑞̇ 3
2 𝜔2
−𝜔1
𝑞̇ 4

𝜔3
0
−𝜔1
−𝜔2

−𝜔2
𝜔1
0
−𝜔3

𝜔1 𝑞1
𝜔2 𝑞2
][ ]
𝜔3 𝑞3
0 𝑞4

(8)

Additionally, the commanded attitude quaternion
𝒒𝑐 = [𝑞𝑐1 𝑞𝑐2 𝑞𝑐3 𝑞𝑐4 ]𝑇 and the current attitude
quaternion 𝒒 = [𝑞1 𝑞2 𝑞3 𝑞4 ]𝑇 are related to the
attitude error quaternion 𝒔 = [𝑠1 𝑠2 𝑠3 𝑠4 ]𝑇 , as
following.
𝑠1
𝑞𝑐4
𝑠2
−𝑞𝑐3
[𝑠 ] = [ 𝑞
𝑐2
3
𝑞𝑐1
𝑠4

𝑞𝑐3
𝑞𝑐4
−𝑞𝑐1
𝑞𝑐2

−𝑞𝑐2
𝑞𝑐1
𝑞𝑐4
𝑞𝑐3

−𝑞𝑐1 𝑞1
−𝑞𝑐2 𝑞2
−𝑞𝑐3 ] [𝑞3 ]
𝑞𝑐4
𝑞4

(9)

Next, we describe a VSAC steering logic to
calculate 𝝃 for the desired 𝝎0 . Eq. (5) is rearranged
as follows.
𝑛−1

where 𝑰 = ∑𝑛−1
𝑘=0 𝑱𝑘 .
Note

(6)

and 𝝃 = [𝜉1 𝜉2 ⋯ 𝜉𝑛−1 ]𝑇 . Additionally, the
angular velocity of the body 𝑘 are decomposed by
𝜉𝑘̇ at hinge ℎ𝑘 as

+𝑱𝑘 𝝎𝑘 }

𝑁

𝜕𝒇𝑘
𝝃̇
𝜕𝝃

that ∑𝑛−1
𝑘=0 (𝒑𝑐𝑘 − 𝒑𝑐 ) × 𝑚𝑘

𝑁𝑑𝒑

𝑐

𝑑𝑡

(𝑰 − ∑ 𝑚𝑘 𝒓̃𝑘 𝒓̃𝑘 ) 𝝎0
=0

by

considering the definition of the mass center. Thus,
Eq. 4 is rewritten as follows.

𝑛−1

𝑁

𝝎0 = −𝑰−1 ∑{𝒓𝑘 × 𝑚𝑘

𝑑𝒓𝑘
𝑑𝑡

+ 𝑱𝑘 𝝎𝑘/0 }

𝑛−1

= − {∑ 𝑚𝑘 𝒓̃𝑘
𝑘=0

𝑛−1

𝑘=0

𝑘=0

𝜕𝒇𝑘
+ ∑ 𝑱𝑘 𝜴𝑘/0 } 𝝃̇
𝜕𝝃

(10)

𝑘=0

= 𝑷𝝃̇
(5)

By using 𝑷+ as the Moore-Penrose pseudoinverse
matrix of 𝑷, Eq. (10) is rearranged as follows.
𝑛−1

𝝃̇ = 𝑷+ (𝑰 − ∑ 𝑚𝑘 𝒓̃𝑘 𝒓̃𝑘 ) 𝝎0
𝑘=0

(11)

If we command the desired angular velocity vector
of the satellite main body, the rotational speed of the
hinge 𝝃̇ can be computed by Eq. (11).
Next, we describe a simulation model of the satellite
system considered in this paper. The system with
variable shape function is as shown in Fig.2, which
consists of 4 paddles and a satellite main body. Each
body is modeled as shown in Table 1.

•

No external torque

•

Maximum paddle rotation speed : 10 deg/s

The target attitude maneuver angle is set to 60 deg
with an azimuth angle of 20 deg as shown in Fig. 3.

Figure 3: Target attitude angle

2.2.2

Simulation Result

Results of the satellite angular velocity, paddle
angles and the attitude error angles obtained by the
simulation are shown in Fig. 4.
Figure 2: Simulation model
Table 1: Models of rigid body

(a) satellite angular velocity

2.2 1-axis Rotation
In this section, consider the case of the 1-dof in
motion where each paddle can rotate only on the xaxis in the configuration of Fig. 2.

2.2.1

Simulation Conditions

(b) paddle angle

In this paper, we apply an optimal control theory to
the attitude maneuver of the satellite with variable
shape function, and we consider the shortest time
attitude maneuver problem. As a method to solve the
optimal control problem, we adopt Direct
Collocation with Nonlinear Programming (DCNLP)
which is a kind of direct method for numerically
obtaining optimum orbital solution (Trajectory
Optimization).
The following simulation conditions are set.
•

No initial angular momentum

(c) error angle
Figure 4: Satellite angular velocity, paddle angle and
attitude error angle
The graph shows that it takes 33s to maneuver the

attitude. In the case of the attitude control
introducing the optimal control, when the attitude
maneuver angle is 45 degrees or less, it is possible to
maneuver the attitude with high rapidness of about
6s to 7s.
However, due to the limitation of the driving angle
of the paddles, the attitude maneuver angle is
restricted, and in the case of the paper, the attitude
maneuver time greatly increases when the attitude
change angle is larger than 45 deg.

(a) satellite angular velocity

In order to satisfy the sophisticated demands, the
agile maneuvering is required at every attitude
change angle. Therefore, in order to solve this
problem, consider the multi-degree of freedom of
the driving paddle.

2.3 2-axes Rotation
In this section, in order to solve the above problem,
consider the multi-degree of freedom of the driving
paddle: the case of 2-dof in motion where the paddle
can rotate on the x-axis and y-axis in the
configuration of Fig. 2.

2.3.1

(b) x-axis paddle angle

Simulation Conditions

The shortest time attitude maneuver using the
optimal control is considered in the same way in the
section 2.2, and the following condition is added:
•

2.3.2

Maximum y-axis rotation speed : 120 deg/s

Simulation Result

(c) y-axis paddle angle

Results of the satellite angular velocity and the
paddle angles and the attitude error angles obtained
by the simulation is as shown in Fig. 5, which show
that it takes only 7.5s to maneuver the attitude.
With the two-dof paddles, the attitude maneuver
time can be drastically reduced under the range
limitation of the paddle angle.

(d) error angle
Figure 5: Satellite angular velocity, paddle angle and
attitude error angle

3

GROUND EXPERIMENT USING
AIR LEVITATION DEVICE

In this chapter we discuss about a two-dimensional
ground experiment using an air levitation device.

3.1 Experiment Equipment
Although four solar cell paddles are assumed as in
Fig. 1, we focus on one paddle motion for the
ground experiment: an arm with uniaxial rotation on
a satellite model using an air levitation device. Fig. 6
shows an overall of the experimental setup, and Fig.
7 shows its photographs of the appearance. The air
levitation device is set on a leveling glass plate of

1.5 m × 2.0 m.
We use two cameras to measure the motion behavior:
the whole behavior is measured by the video camera
on the ceiling, and the behavior of the arm vibration
is measured by the high-speed camera. Feature
points for the measurement are attached to the
satellite model and the tip of the arm, and the
position and the velocity of the feature points are
measured from the captured movie with the image
processing.

and the motor angle is controlled by a potentiometer
connected to the driver. A harmonic drive gear is
used for output from the motor to the arm in order to
minimize the influence of backlash of the motor.
The mass of the arm is 1.27 kg, and the satellite
model body is 31.5 kg. The drive mechanism can
drive the arm in 74 deg per 1.8 seconds at the
maximum with a proportional feedback control (P
control) for angle command. We formulate the
dynamics of the free-flying multi-jointed rigid body
system and use the satellite attitude angle calculated
from the arm behavior under zero gravity as the
theoretical value.

Figure 6: Overall outline of the experiment equipment

Figure 8: Drive mechanism

3.2 Experiment Result
3.2.1 Attitude Change Angle Measurement
Experiment

(a) External appearance with a camera on ceiling

(b) External appearance with high-speed camera
Figure 7: Photographs of appearance of the set-up
Fig. 8 shows a drive mechanism of the satellite
model for the VSAC. A DC motor for driving the
arm is installed at the uppermost part of the
apparatus. The motor is connected to a motor driver,

If there is no external disturbance, the satellite model
can simulate the two dimensional behavior on the
orbit. Thus, when the arm is driven on the satellite
model, the attitude maneuver angle is measured and
compared with the theoretical value in order to
evaluate the attitude control performance of the
VSAC. The moment of inertia of the paddle part is
variable by changing the position of a dummy
weight.
An example of motion behavior at the experiment is
shown in Fig. 9. When the arm is driven, the attitude
of the satellite body is changed in the opposite
direction to the arm driven direction. The attitude
change angle θ is also defined as shown in the Fig. 9.
Table. 2 shows experimental results and the
corresponding theoretical values. The error between
the experimental result and the theoretical value is
about 20%. The causes of this error are the influence
of friction acting on the satellite body, the
differences of moment of inertia and the position of
the center of mass estimated by CAD from each
actual values, the effect of the power cable of the
drive mechanism, and so on. To simulate the
behavior on orbit, it is necessary to minimize these
errors.

small
large

Figure 9: Attitude change of device by arm drive
Table2 Comparison of actual measurement and
theoretical value of attitude change angle
Attitude change angle θ [deg]

MOI
[kg・m2]

3.2.2

Measurement
data

Theoretical
value

0.090

10.3

12.3

0.063

7.8

10.1

Vibration Measurement Experiment

To accurately measure the vibration of the arm tip
generated after driving the arm, and to quantitatively
evaluate the influence on the satellite attitude, the
satellite body is fixed to the ground.
In the joint part of arm, two kinds of hinges are used,
with different backlash sizes because of
manufacturing error. The hinges are of the same
design as used for the micro satellite TSUBAME.
After the arm driving, the vibrations occurrs around
the stopping position of the arm. Fig. 10 shows the
measured values of the arm tip vibration. The
amplitude of the vibration in the rod portion was
small, and one in the panel portion was dominant
with the hinge for the joint as a fulcrum. Table 3
summarizes the maximum amplitude and the
damping ratio of the tip vibration. Also, the satellite
attitude variation angle and the settling time, which
are calculated by assuming that the same vibration
occurred in orbit, are also summarized in Table 3.
Here, the settling time refers to the time until the
attitude variation angle satisfies the mission
requirement (say 7.5 arcsec). Also, in the calculation
of the theoretical value for the attitude variation, it
was assumed that the vibration is occurres at the
joint part. Note that the maximum amplitudes in the
experiment were measured under the fixed end
condition. On orbit, a free end condition is assumed,
and the vibration amplitude is expected to be smaller
than the measured value in the experiment.

time[s]
Figure 10: Arm tip vibration
Table3 Prediction of the influence of arm vibration on
orbit satellite
MOI [kg・m2]

0.090

0.063

hinge backlash

Small

Large

Small

maximum amplitude [mm]

2.5

5

2.2

Large
4.4

damping ratio

0.07

0.04

0.02

0.04

attitude change angle [arcsec]

313

626

274

552

settling time [sec]

1.3

4.7

2.9

3.1

From Table 3, it was found that despite there is a
littele difference in manufacturing error of the hinge,
the maximum amplitude is doubled. As conventional
hinges were prerequisite not to move after
deployment, a slight play is generally allowed.
However, from the experiments, such a play may
not be tolerated for the precise pointing mission
using the VSAC. Moreover, when driving the arm at
the maximum speed, it can be seen that the settling
time of about several seconds is needed immediately
after stopping the attitude in order to satisfy the
pointing requirement. If this is not acceptable for the
mission, it is required to shorten the settling time.

3.3 Future Experiment
3.3.1 Improvement of
Device

Air

Levitation

As an experiment equipment, the glass plate was
placed on the horizontal table, but in order to
achieve higher levelness, a stone surface plate is
used for the experiment. Accordingly, newly
manufacture the air levitation device. The newly air
levitation device was necessary. The newly
constructed air levitation device is shown in the Fig.
11. Moreover, as a new measuring device, we used a
three-dimensional measuring device named Optitrak.
We plan to conduct more highly accurate
experiments using these experiment equipments in
near future.

Appendix
Nomenclature

Figure 11: New air levitation device

4

CONCLUSION

In this paper, we described the numerical
simulations applying the optimal control theory, and
the ground experiments using the air levitation
device.
The numerical simulation results showed that the
VSAC can achieve agile maneuvering and high
pointing stability. In the case of large angle attitude
maneuver, the results showed that it is necessary to
devise measures such as increasing the degree of
freedom of the paddle.
In the ground experiments, we confirmed that it is
possible to actually change the attitude by applying
the VSAC. The vibration generated after driving the
arm using the hinge was measured, the influence on
attitude variation was quantitatively evaluated. It
was confirmed that the vibration greatly changed
due to a slight manufacturing error of the hinge part.
It is necessary to review methods of designing,
manufacturing, assembling and testing all hinges,
motor driving parts, and arms, including backlash of
the motor driving part, and an arm driving method in
order to suppress the vibration. It is also necessary to
incorporate the experiment results into numerical
simulations.

𝑁
𝐵𝑘

:
:

𝑘

:

𝑘̂

:

𝑛

:

ℎ𝑘

:

𝜉𝑘
𝒆𝑘

:
:

𝒑𝑐

:

𝒑𝑐𝑘
𝒓𝑘

:
:

𝝎𝑘

:

𝝎𝑖/𝑗

:

𝑱𝑘

:

𝑚𝑘

:

The inertial frame
The frame fixed to body 𝑘
A body which is adjacent to body 𝑘 on the
main-body side
A set of bodies between the main body and
body 𝑘 (including body 𝑘)
total number of bodies of the system
hinge point on body 𝑘 which connects body
𝑘 and body 𝑘
Relative displacement at hinge ℎ𝑘
Unit vector along rotating direction of hinge
ℎ𝑘
Position vector of center of mass of the
system
Position vector of center of mass of body 𝑘
Position vector from center of mass of the
system to center of mass of body 𝑘
Angular velocity vector of body 𝑘 relative to
N frame
Angular velocity vector of body 𝑖 relative to
body 𝑗
Inertia dyadic of body 𝑘 about center of mass
of body 𝑘
Mass of body 𝑘
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