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Abstract: The three-axis active attitude control method with a momentum wheel and magnetic coils for a pico-satellite is con-
sidered. The designed satellite is a 2.5 kg class satellite stabilized to nadir pointing. The momentum wheel performs a pitch-axis
momentum bias, nominally spinning at a particular rate. Three magnetic coils are mounted perpendicularly along the body axis for
precise attitude control through the switch control mechanism. Momentum wheel start up control, damping control and attitude
acquisition control are considered. Simulation results show that the proposed combined control laws for the pico-satellite is reli-
able and has an appropriate accuracy under different separation conditions. The proposed strategy to start up the wheel after
separation from the launch vehicle shows that its pitch momentum wheel can start up successfully to its nominal speed from rest,

and the attitude convergence can be completed within several orbits, depending on separation conditions.
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INTRODUCTION

The achievements of modern advanced tech-
nologies, such as micro-electronics, micro-electro-
mechanical systems (MEMS), and precision ma-
chining, allow the creation of pico-satellites which are
capable of solving problems usually for a big and
expensive spacecraft. During the past 10 years
pico-satellites were widely studied because of their
relative simplicity and short period of design as well
as low cost (Schilling, 2006).

The development of pico-satellite requires an
attitude control system that is inexpensive, light-
weight, meanwhile with a small volume and low
power consumption. This motivated the use of mag-
netic coils as the sole actuator and the momentum
wheel as a stabilizer providing a pitch-axis momen-
tum bias. In (Smirnov, 2001; Silani and Lovera, 2005),
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three-axis magnetic stabilization of a spacecraft can
be achieved using feedback from magnetic field
measurement and angular velocity.

The use of magnetic coils for control has been
the subject of extensive study since the early years of
satellite missions (Ergin and Wheeler, 1965; Wang
and Shtessel, 1998; Wisniewski and Blanke, 1999;
Bushenkov et al., 2002; Silani and Lovera, 2005;
Guelman et al., 2005; Jan and Tsai, 2005). Different
from the existing control mechanism, only polarities
of currents in the coils are control parameters in our
design. Meanwhile, they are working separately in
time to prevent the distortion of magnetic field meas-
urement by magnetic coils. Within each second, 0.25 s
are allotted for measurement, 0.5 s for control, and the
rest for coils demagnetization.

The momentum wheel performs a pitch-axis
momentum bias, which is nominally spinning at a
particular rate to provide gyroscopic stiffness. It is
hard for pico-satellites to find a small volume, low
power consumption and rate controllable wheel. We
employed a micro-momentum wheel spinning at a
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particular rate without rate control; i.e., the attitude is
controlled by magnetic coils only. The disturbance
induced by the rate instability of the momentum
wheel is also considered in this paper.

As the limitation of launch with other satellites
for cost-saving, the design of pico-satellites must be
flexible and robust for the change of launch program
and separation condition. Here we considered the
variation of wheel start-up time and the initial sepa-
ration states.

Satellites equipped with a momentum wheel
usually spin up the wheel before being separated for
the launch vehicle, or go through a start up after se-
paration by slowly bringing up the wheel speed while
keeping the satellite stable from generated distur-
bances using magnetic torques (Chang et al., 2006).
In this paper, the wheel cannot be started up slowly
since the rate is uncontrollable. After power-up, the
wheel spins up to its nominal rate within 1 s. The new
wheel start-up method proposed does not require
attitude stabilization before a momentum wheel starts
up. The satellite is despun by magnetic coils after the
wheel starts up.

The control laws presented in this paper with a
joint control action for momentum wheel start-up,
damping, and nominal operation provide an attitude
control system which can achieve global three-axis
stabilization using solely magnetic coils for actuation.

CONFIGURATION

The satellite, restricted to 2.5 kg, confines its
own size within a cube measuring 0.15 m on all sides.
The main mission of the satellite is to carry out a new
way for space exploration as well as to test the on-
board micro scientific experiments. Its orbit is the
sun-synchronous circular orbit with an altitude rang-
ing from 400 to 700 km. Fig.1 shows the prototype of
the satellite and the corresponding body axis defini-
tion. Because of the limited space inside the cube,
the magnetic coils are structured as a ring, mounted
perpendicularly along the body axis. The magnetic
coils are operated through a switch control mecha-
nism, which can provide a maximum dipole moment
of 18 mA-m2% The momentum wheel is mounted
along the pitch axis to provide a momentum bias.

Momentum wheel
/

Fig.1 The prototype of the pico-satellite

The attitude and angular velocity of the space-
craft are determined by measuring the magnetic field
and the sun vector in an extended Kalman filter. The
magnetic field is measured using a digital magne-
tometer while the sun vector is calculated by moni-
toring the current output from the solar panels which
cover all the sides of the cube (Yu et al., 2007).

SATELLITE MODEL

Coordinate frames

1. Earth-centered inertial (ECI) reference frame

The origin of this reference frame is located in
the center of the mass. The frame is denoted as i, with
its x-axis pointed towards the vernal equinox, and the
z-axis as Earth’s rotation axis.

2. Orbit reference frame

The orbit frame origin coincides with the
spacecraft center. The origin, rotating at an angular
velocity relative to the ECI frame, has its z-axis
pointed towards the center of the earth. Its x-axis
points in the spacecraft’s direction of motion tangen-
tially to the orbit. The satellite attitude is described by
roll, pitch and yaw which are the rotations around x-,
y-, z-axis, respectively. The orbit reference frame is
denoted as o.

3. Body reference frame

The body frame which shares its origin with the
orbit frame is denoted as b. The rotation between the
orbit frame and the body frame is used to represent the
spacecraft’s attitude. Its axes are locally defined in the
spacecraft, with the origin in the center of the volume
(Fig.1). The nadir side of the spacecraft, intended to
point towards the earth, is in z,-axis.
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Satellite dynamics and kinematics
The dynamic equations of motions of the satel-
lite with momentum bias configuration are

oy, = I’l[—[wsi x}(lwsi +h)—ﬁ+TC +ud], (@))

where @/, is the satellite’s angular velocity relative to

inertial frame described in body frame; h is the an-
gular momentum of the wheel; 1 is the inertia matrix
of the satellite; T, is magnetic control torque vector
and ugq is disturbance torque vector.

Using quaternion, the kinematic equations of
satellite attitude motion are

q:q®wt?o/2’ (2)
wtl:o = wtlj)i - Ayop = wﬁi - A0 -, O]Tv (3)

where q=[q, @ d, q,]', 9 +0;+0; +0q; =1,
oy, is the satellite’s angular velocity relative to orbit

frame described in body frame; e, is the orbital
angular velocity relative to inertial frame described in
orbit frame; A, is the attitude transformation matrix

between orbit frame and body frame, and wyq is the
orbital angular rate.

MAGNETIC CONTROL UNIT DESIGN

Magnetic coils
The magnetic coils that align with the body axis
are used for attitude control. The vector dipole mo-
ment m of magnetic coils interacts with the geo-
magnetic field vector B to generate a magnetic torque
Te,
T.=mxB, 4)

where m is determined by on-board controller and
created by the magnetic coils.

The constraint dictated by the magnetic coils is
such that only the component of T4 orthogonal to the
magnetic field vector B can be actually applied to the
spacecraft, so the best possible control policy is to
apply the magnetic dipole moment (Silani and Lovera,
2005; Chang et al., 2006):

1619

m=(8xT,)/|8[ )

where the ideal torque desired T, is obtained from the
following control laws.

Momentum wheel start-up control

The momentum wheel stabilizes the attitude
through the production of angular momentum by
spinning at a nominal speed. However, if the wheel is
suddenly spun up to its nominal speed, the large
momentum produced together with the existing mo-
mentum due to the nominal rotational motions will
result in a high disturbance and unstable motion
(Chang et al., 2006). The momentum wheel is thus set
to spin up before being separated from the launch
vehicle. By contrast, when the wheel is not allowed to
work during the launch time, the wheel may spin up
after separation from the launch vehicle, which re-
quires the magnetic torques to provide the moment so
as to keep the satellite stable.

The control law is

Td :_kuhw’ (6)

where k, is the wheel control gain, and hw is the

disturbance torque introduced by start-up of the
wheel.

Eq.(6) simply needs the rate feedback of the
wheel. However, only pitch attitude control is offered
in this mode. Eq.(7) gives the control law which is
combined by two parts: one is for pitch attitude con-
trol when no angular velocity information is available,
and the other for whole attitude control during the
wheel start-up, which can be adopted when the atti-
tude filter works well.

T, =—k,h, —k,8,, 7)

where 8, =[4,60,y/]", 4,0, v are the change rates
of Euler angle with time.

Damping control

After being released from the launch vehicle, the
satellite is tumbling randomly with known bounds at
the initial angular rate. The objective of this phase is
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to reduce angular velocity and the only sensor needed
in this mode is the magnetometer. The control
adopted here is the B-dot damping law:

M, (t)] | ~Mye SiGN(BY (t,))
m(t ) = my(tk) = _mmaXSign(B.;/)(tk)) ()

M, (t) ] | ~Myc SigN(B} (1))
Bbx (tk) B (t B (t
By (t)=| By (1) =w’ ©)
B.bz (tk) K k-

where B, (t.), the change rate of the measured geo-

magnetic vector in the body axis at ty, can be esti-
mated with magnetometer measurement; My de-
notes the maximum dipole moment generated by the
magnetic coil.

Attitude acquisition

After the phase of damping, we will adjust both
the attitude angle and angular velocity to zero. The
control law is

R:—&%—QQ, (10)

where 6, =[¢,0,w]", and the control gains k, and kg
are optimized by simulation.

Control flow design

To obtain optimal performance, the actual con-
trol algorithm is a combination of the control laws
mentioned above. There are three criterions in the
control flow. After the satellite’s departure from the
launch vehicle, the first criterion is executed to verify
whether the wheel is started up or not. If the answer is
no, turn on the momentum wheel immediately and
perform momentum wheel start up control mode. If
the wheel is already start up or the wheel start up
control mode is finished, the second criterion is exe-
cuted to decide the following control mode (Fig.2).
The transition between the damping mode and atti-
tude acquisition mode depends on attitude angles and
attitude angular rates, which is achieved by
simulation.

Departure from
the launch vehicle

Momentum wheel

heel already start up start up control

Yes

Damping to
acquisition
criterion

Attitude
acquisition mode

|| Damping
mode

A

Yes

Acquisition to
damping criterion

Fig.2 Control flow of the pico-satellite

SIMULATION RESULTS AND ANALYSIS

In this section, we present some results obtained
by numerical simulation to study the performance of
the above-described control algorithm.

The following modules are included in our sys-
tem simulation: Satellite module consisting of both
dynamics and kinematics equations; Attitude deter-
mination module for angle and angular velocity
measurement with the magnetometer and sun sensor;
On-board CPU module for house-keeping and atti-
tude control module.

This simulation assumes that the momentum
wheel will be started up 10 s after its separation from
the launch vehicle. The wheel start-up time issetto 1 s;
hence, the start-up rate of the wheel is equal to its
nominal rate. The parameters of the model used in the
simulations are listed in Table 1. Feedback from the
magnetic field is given using the International Geo-
magnetic Reference Field (IGRF). The IGRF speci-
fies the numerical coefficients of a truncated spherical
harmonic series, and together with an orbit estimator,
an estimate of the magnetic field is made.

The simulation results are shown in Figs.3~8.
Fig.3 reports the time when the wheel starts up after



Meng et al. / J Zhejiang Univ Sci A 2009 10(11):1617-1623 1621

the separation and the angular momentum instability
of the working wheel. The pitch angular velocity
change is also presented in Fig.3. The angular veloc-
ity goes up to 6°/s during the wheel start-up. Figs.4~6

Table 1 Satellite system simulation parameters
Value/Description

Parameter
Satellite mass (kg) 25
Inertia matrix (kg-m?) 12.19x102, 0, 0

0,14.06x1072,0
0,0, 9.375x10°°

Orbit period (s) 5850

Nominal angular momentum 1.5x107
of the wheel (N-ms)

Nominal rate of the wheel 7800
(r/min)

Start-up time of the wheel (s) 1

Rate instability (r/min) 10

Maximum magnetic moment 18x10°
(Am?)

Magnetic coil control

Switch control, 30 mW per
coil

k, = diag{0.001 0.02 0.001}
k, =diag{13 2}

k,=10

Initial attitude after separation ¢, =6, =y, =3°

Control gains

P :90 =y, =0.1%s
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Fig.3 The momentum wheel start-up process.
(a) Angular momentum of the wheel; (b) Angular momentum
instability of the wheel; (c) Pitch angular velocity change during
the start-up period
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Fig.4 The variation of attitude angle without wheel
start-up control. (a) Roll; (b) Pitch; (c) Yaw
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Fig.5 The variation of attitude angle using wheel
start-up control. (a) Roll; (b) Pitch; (c) Yaw

100 -
—~ ) x: 5517
> 0 N V '\.'L’.*\-,-,w-...\ y: 718.2_53_‘_‘_____. @
S =i X: 9910
100 | Y2566
200
e (b)
£ 0 I|| it r’\~—| ]
T r f l x: 5239
~200 I r y: —1.299
50 T T
> ol . ©
o i -H e
g VU x 67937 &
£ Y "1118 X: 9842
5oV | . o . y: —2.357
0 2 4 6 8 10 12
Time (x10%s)

Fig.6 The variation of attitude angle using combined
start-up control. (a) Roll; (b) Pitch; (c) Yaw
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describe the variation of attitude angle using a dif-
ferent control law for comparison. Fig.4 illustrates the
one without any wheel start-up control. The nutation
is about 33° after one orbit control, and the attitude
converges in 12000 s. Fig.5 shows that the start-up
control law introduced in Eq.(6) can fasten the atti-
tude convergence speed effectively as compared with
the one without start-up control, though only the pitch
attitude is under control during the first 1000 s. If the
angular velocity information is available, using the
combined control law (Eq.(7), Fig.6), the nutation of
the attitude can be decrease to 18° after one orbit
control, the attitude becomes convergent in 10000 s.
Fig.7 outlines the variation of attitude angular ve-
locities using the combined control law. Fig.8 shows
the magnetic coils’ operation correspondingly, where
0 indicates turn-off state and 1 for turn-on state. We
can draw conclusions that the proposed wheel start-up
control by magnetic coils for the pico-satellite is ef-
fective. The attitude angular velocities can be con-
verged below 0.05°/s and the attitude angle can be
converged down to 5° less than 2 orbits. The average
power consumption during stabilizing is about
80 mW.

Meanwhile, different initial conditions are con-
sidered to demonstrate the flexibility of the proposed
control algorithm. Our numerical simulation indicates
that the initial attitude angle has little influence on the
time of stabilizing, so only the attitude angular ve-
locity is discussed.

Fig.9a illustrates the time of stabilization ac-
cording to different initial attitude angular velocity
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Fig.7 The variation of attitude angular velocities using
combined start-up control. (a) Roll angular velocity;
(b) Pitch angular velocity; (c) Yaw angular velocity

On-off state (y) On-off state (x)

On-off state (z)
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Fig.8 The operation states of magnetic coils using

combined start-up control. (a) Operation state of

magnetic coil in x,-axis; (b) Operation state of mag-

netic coil in yy-axis; (c) Operation state of magnetic coil

in zp-axis

3.0

2.5

2.0

=
3

=
o

Time of stabilization (x10*s)

()

ot
&

[N
[N

(b)
0 1 2 3 4 5 6
Initial angular velocity (°/s)
Fig.9 Time of stabilizing under different initial angu-
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when the initial angle is go=&=w,=3°. The maximum
time needed of stabilizing is 30000 s, nearly 6 orbits,
which is obtained at the initial angular velocity of 5°/s.
On the other hand, Fig.9b shows the time of stabili-
zation when the momentum wheel starts up before
separation in the same separating conditions. The
maximum time needed of stabilizing is 10 000 s,
nearly 2 orbits, which is also obtained at the initial
angular velocity of 5°/s.
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CONCLUSION

The attitude control problem for pico-satellites
using magnetic coils was analyzed. A set of control
laws used in different modes were discussed and
combined to perform a robust control system with
respect to uncertain launch conditions and initial
parameters.

Our numerical simulation shows that this com-
bined structure can stabilize attitude efficiently no
matter whether the wheel was started up before or
after the separation from launch vehicle. The simula-
tion also shows the time of achieving stability under
different initial conditions. This proposed method
requires only magnetic coils and a momentum wheel
with a particular rate for controlling the satellite, thus
making it possible to be implemented on other pi-
co-satellites.
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