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AN APPLICATION OF ADAPTIVE FAULT-TOLERANT CONTROL
TO NANO-SPACECRAFT

Yu Han,” James Biggs,” and Naigang Cui’

Since nano-spacecraft are small, low cost and do not undergo the same rigor of
testing as conventional spacecraft, they have a greater risk of failure. In this pa-
per we address the problem of attitude control of a nano-spacecraft that experi-
ences different types of faults. Based on the traditional quaternion feedback con-
trol method, an adaptive fault-tolerant control method is developed, which can
ensure that the control system still operates when the actuator fault happens.
This paper derives the fault-tolerant control logic under both actuator gain fault
mode and actuator deviation fault mode. Taking the parameters of the UKube-1
in the simulation model, a comparison between a traditional spacecraft control
method and the adaptive fault-tolerant control method in the presence of a fault
is undertaken. It is shown that the proposed controller copes with faults and is
able to complete an effective attitude control maneuver in the presence of a
fault.

INTRODUCTION

The next generation nano-spacecraft have the potential to perform applications that are con-
ventionally undertaken with expensive multi-ton spacecraft. Nano-spacecraft have a mass be-
tween 1 and 10 kg and offer the opportunity of access to space at a reduced cost. Furthermore,
nano-spacecraft can enable missions that a larger spacecraft cannot accomplish, such as: constel-
lations for low data rate communication, using formations to gather data from multiple points, in-
orbit inspection of larger spacecraft and university related research.

Many nano-spacecraft have been launched and the majority of the attitude control systems in-
corporate magnetic actuation as a means to de-tumble the spacecraft. Currently fine pointing of
nano-spacecraft is being achieved with the use of methods such as quaternion feedback control*
and advances in nano-reaction wheel technology. However, nano-spacecraft, in general, do not
undergo the rigorous testing that is required for multi-tonne spacecraft. After all the incentive to
develop nano-spacecraft is to have low cost access to space balanced with an increase in risk of
failure. Therefore, nano-spacecraft are more susceptible to faults and it is important that the
spacecraft can adapt to these faults if and when they occur. Moreover, the electric system, propul-
sion system and actuators of nano-spacecraft are simple and cheap relative to conventional sub-
systems, but this is at the cost of an increase in the probability of a fault occurring. In particular,
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the control system of nano-spacecraft needs to be fault tolerant, while maintaining a low-cost in
production. This paper addresses this problem by developing an adaptive fault-tolerant attitude
control method that is suitable for nano-spacecraft and which is simple to implement.

The adaptive fault-tolerant control*®* method in this paper can effectively ensure that the atti-

tude control system still operates when the actuator fault*>® occurs. When a malfunction occurs,
the control law can respond by adaptive restructuring. The adaptive fault-tolerant control method,
presented here, is a modification of the traditional quaternion feedback control law. The method
uses a reference model to calculate the ideal systems state. Through comparing the ideal system
state to the actual system state, the system can identify when a fault occurs. An adaptive parame-
ter is added, which is based on the bias of the actual data and the desired data. Hence, the system
accelerates the control feedback input when the bias exists. Furthermore, the control method is
simple to implement with low-computational requirement that could be suitable for implementa-
tion on a real nano-spacecraft.

Several fault modes of the actuator’ are considered such as gain and deviation. Gain® means
that the actuator loses partial power with random-variation in its health level. Deviation means
that the actuator is delivering a constant torque above or below the required torque. In addition,
previous literatures on fault-tolerant control methods only address one fault mode at a time. How-
ever, due to the high-risk nature of nano-spacecraft the attitude control should be able to adapt to
a situation where more than one fault can occur. The method in this paper is suitable for both
fault modes of gain and deviation.

A simulation is undertaken of a nano-spacecraft to demonstrate the effectiveness of the control
method in the presence of faults. UKube-1" is a typical example of a nano-spacecraft, whose di-
mensions are 10cmx10cmx30cm and weighs about 3kg. A comparison between traditional
spacecraft control methods and the adaptive fault-tolerant control method in the presence of faults
is undertaken. It is shown that the proposed controller copes with faults and is able to complete an
effective attitude control maneuver, whereas, a conventional controller fails to do so.

SPACECRAFT MODELS AND TRADITIONAL QUATERNION FEEDBACK
CONTROL LOGIC

In the case of a nano-spacecraft, such as the UKube-1, the dynamics can be modeled as a rigid
body with negligible moving parts and no liquid propellant. This section describes the general
equations for the attitude kinematics and dynamics of the spacecraft and the traditional quaternion
feedback control logic.

Attitude Kinematics and Dynamics

The Radial-Transverse-Normal (RTN) reference frame used to describe the orbit of the space-
craft. In this reference frame R is parallel with the radial vector, N is parallel with the orbit
normal and T completes the orthonormal frame.>*°

The other important reference frame is the body-fixed reference frame with basis vectors
{f, ] |2} . The spacecraft attitude is then defined as the relative angle from the local-level coordi-
nates to the body frame.

Euler’s rotational equations of motion for a rigid spacecraft are defined as™:

* http://www.bis.gov.uk/ukspaceagency/missions/ukube-pilot-programme



Jo=-0"Jw+Uu (@))

where J € R*® denotes the matrix of inertia matrix of the spacecraft; @ :[a)l,a)z,a)3]T the an-

gular velocities of the spacecraft body frame with respect to the inertial frame; u = [ul,uz,u3]T

the control torque input vector. The matrix notation @™ is recorded as

0 -o o

The attitude kinematics of the spacecraft can be parameterised using quaternions:

0 0 o -0 olq
d, I 0 o ) 0q @3)
G| 2| @, - 0 |0,
d, -0, -0, -o; 0 ]q,

where [ql q, O, q4]T denotes the quaternions which represent the attitude of the spacecraft
in the body frame with respect to the inertial frame, which must satisfy the constraint

0 +05+q +q; =1 (4)

We take g = (ql, d,, q3) . The rotation matrix that brings the inertial frame to the body frame, de-
noted by R(q) e SO(3), is defined as follows:

R2(0f—q'q)1,+209" —20,0" 5)

where |, is the 3x3 identity matrix, and the angular velocity of body frame with respect to iner-

tial frame expressed in body frame, denoted by a)(t) , can be computed from equation (3) as fol-
lows'?:

®=2(q,0-094,)-29q (6)

Traditional Quaternion Feedback Control Logic

In this study the adaptive control requires a model of the system dynamics and it is essential
that this can be numerically integrated without the problem of singularities encountered when
using Euler angles. Therefore, quaternions are used as they offer a global parameterization of the
rotation of a spacecraft. A traditional quaternion feedback controller is used chosen due to its
simplicity and ease of gain tuning, and used as a benchmark to test against the adaptive control.
The control torque u of spacecraft system, equation (1) is equated to:

u:_qu_Cwe (7)



Where K =kJ and C =cJ are constant gain matrices™*. The gains are multiplied by the inertia
matrix so that the gains are proportionally higher on the axes with higher moments of inertia. The

angular velocity error is given by @, = ® — @, , and the quaternion error by

Che Oy Osc —Oc —Oic || G
Oe | | ~G3c  Yac  Ghe  —O2c || Y
O3 e O Uy —U3c || U3
Ose Oie  G2c O Qac [ U4

If the commanded attitude angular velocity vector and quaternion vector is simply the origin
@, =(0,0,0) and (0, 0y, Gy, dse ) =(0,0,0,+1), then the control logic, equation (7), becomes

u=-Kq-Cao )

Spacecraft Model

We primarily focus on the spacecraft based on the UKube-1, assuming of which is axisymmet-
ric. If we assuming that the principal inertias is written as

b, 0 0
J={0 J, 0 (10)
0 I,

Table 1 shows the properties of the spacecraft.
Table 1. Physical Properties of Spacecraft

J,, = 0.0109kgm’
Principal inertias of spacecraft
3,y = Jg = J, = 0.05kgm’

Drag coefficient Cy=3
Reflectivity p=06
Residual dipole in z-body axis M, =10x10"° Am?
Maximum reaction wheel torque N, = 1x10°Nm

ADAPTIVE FAULT-TOLERANT CONTROL LOGIC

In this section control logic equations for the torque-free attitude motion of axisymmetric
spacecraft are derived using adaptive-tolerant control logic. Through adding a reference model,
the movement status of spacecraft can be monitored at any time. The control logic equations un-



der actuator gain fault and actuator deviation fault situations is shown in this section. There also
exists the control torque limit in each actuator.

The Adaptive Control Logic without Fault

The adaptive control logic should continuously detect if there is any difference between the
ideal model of the system state under control and the actual state of the system. If a fault occurs
there will be a difference between the state of the ideal system and the actual system. In contrast
to classical proportional controllers that track a reference trajectory or desired steady state, the
adaptive controller tracks the state of an idealized system under normal operating condition***®,
The ideal reference model operating under normal conditions can be expressed as

Jo+d =1

G, 0 033 —w, o |G
d, B 1 -0, 0 o @, |4, (11)
ﬁs 2 5?’2 _(:’1 0 Cz’s as

4, ~o, -0, -o; 0 ]G,
where & = (&, @,,@,) is the angular velocity of reference model, (4;,d,,d,,d,) represents the

quaternion vector and 7 is the control torque input vector. We take ¢ = (dl, 0, d3).

The control torque 7 of the reference model, equation (11), which is based on the control log-
ic of traditional quaternion feedback control logic, as equation (7), is shown as

T= _Kde _Ca’\)e 12)

where K =kJ and C =cJ are the same as those in equation (7). The angular velocity of refer-
ence model is given by @, = @ — @, , and the quaternion error of reference model is

qle q4c qa‘c _q20 _qlc ql
cAize _ _Adsc aitc Eilc _ch qz ( 13)
0, Qe O Qs Oz || Gs
Qe | [ G G G G ][ Gy

If the commanded attitude angular velocity vector and quaternion vector is simply the origin sep-
arately defined as @, =(0,0,0) and (G, G, Gs.. G, ) =(0,0,0,+1), then the control logic (12)
becomes

r=-Kj-Cad (14)

In this actual system, the control logic of a quaternion feedback control tracks the reference
model. The angular velocity vector and the quaternion trace of the current system separately are
@ and §. The error vector of angular velocity is defined as the difference between the current
angular velocity and orientation of the system and the angular velocity and orientation of the ideal
reference model as e, = @ —@ . The error vector of quaternion is



ql Q4 @3 _qZ _Q1 G
eq2 _ _AQ3 qit (?1 _qz q, ( 1 5)
€43 G & 9 -GG
eq 4 ql qz Q3 q4 q4

"
where e, = [eql €2 eq3] . This feature of the controller distinguishes it from classical propor-
tional controllers. According to above, the feedback control law eq. (9) is augmented to:

u=-Ke,-Ce, (16)

In addition to this adaptive parameter k is defined that is also dependent on the error be-
tween the actual system and the ideal reference model. The adaptive parameter k,, should show
the bias between the real spacecraft system and the reference model, which is defined as:

Ko = ke[ +]ce, |’ 17)
Jo=-0Jo+k,u (18)

Different from other engineering systems which usually have a signal error function, the quater-
nion spacecraft system has two error vectors e, and e, . By adding the square of norm of the two
error vectors can show the bias of the real system and the reference model best. To keep the co-
herence of the system and to reduce the tuning requirement, we choose the parameters K and C
to be the same as in equation (14). The intuition behind this control is that in the presence of a
fault the controller will have to work harder to track the trajectory and thus the gain increases to
compensate for this.

The Adaptive Control Logic with Actuator Gain Fault

First, the spacecraft model with actuator gain fault is taken into account. The gain fault is one
of major error conditions for the actuator error. When the system has n actuators and the i st ac-
tuator is in gain failure mode, it can be described as

Uiout (t) = kiU, (t) (19)

where k; is the scale factor of the gain variation and 0 <k; <1 . k; =0 cause the actuator in the
stuck fault mode and k; =1 means the actuator is healthy.

For the nano-spacecraft, we assume that the vehicle is endowed with only three actuators and
each actuator experiences gain fault mode (partial power loss) but is still active. The results are

extended to the case in which there exists actuation limit on each actuator. The attitude dynamics
of the spacecraft are governed by

Jo=-0Jo+T(-)k,u (20)



where T () e R®? is the actuation effectiveness matrix of the form

x~
iy

r(.):

o S o

0
0 (1)
k

3

o O

with 0 <k; <1 being the scale factor of the gain variation for the ith actuator. When the three

actuators encounter partial power loss (gain fault mode), the actuation effectiveness matrix F()
becomes uncertain or even time varying but remains positive definite.

The Adaptive Control Logic with Actuator Deviation Fault

The deviation fault is another major error condition for the actuator error. When the i th actua-
tor is in deviation fault, it can be described as

Uigur (1) = Uiy (1) + (22)
where & is a constant. a, =0 means that the actuator works normally.

When the three actuators of spacecraft get a constant torque above or below the required
torque, the attitude dynamics is shown as

Jo=-0Jo+ku+f (23)

where f = [a1 a, a3] is the actuation deviation matrix. @, is the actuator deviation fault indicator

for the i th thruster. Since we take @, as a constant, the actuation deviation matrix f, is a constant matrix.

The Adaptive Fault-Tolerant Control Logic with Control Torque Limits

Under actuator errors, the attitude dynamics of spacecraft system can be summed up

Ja'):—a)XJa)+kau+ f, (24)

Since nano-spacecraft always gets small actuators, the control torque which could apply is
limited. *"*5*° Take |u;| <y, (1=12,3) denote the control force of ith actuator and uy,, >0.

Under such a severe situation, the spacecraft system should admit a feasible attitude tracking con-
trol solution. Lead a judge parameter s as

s=k Heq H +cle, | (25)

Then the control scheme ensuring attitude tracking of nano-spacecraft under the conditions as
mentioned is given by

umax
—=(-Ke, —Ce s>u J
u= staX( .~ Ce) o/ T (26)

-Ke, -Ce, S < U/ J e



Angular Velocity({rad/s)

where J, . =max{J,;,J,,, 53} and u,,, =min {u1 uZ, ., u’ }

max ! “'max ! ~'max

SIMULATION STUDY

To verify the effectiveness of the proposed control scheme, simulations on UKube-1 under
various conditions are conducted. This simulation is carried out under the condition that the mo-
ment inertia matrix is

0.0109 0 0
J=| O 005 O
0 0 0.05

The spacecraft is to perform the maneuver that changes its attitude from the initial attitude
q(0)=(~0.1,0.15,-0.2) and q,(0) = m .

First, we simulate the spacecraft system under actuator gain fault and actuator deviation fault,
which is compared with traditional quaternion feedback control law and adaptive fault-tolerant
control law. Note that, in both controllers, one only needs to simply select the control parameters
k =3.6 and ¢ =1.72. Then, the simulation under actuator gain fault and actuator deviation fault
of the adaptive fault-tolerant control law with limit control torque. We also choose the control
parameters k =3.6 and c=1.72.

Actuator Gain Fault under Two Control Logic

This represents a severe case in which several actuators lose partial power with randomly
varying heath levels. As shown in equation (20), the gain fault mode of the each thrusters are
generated by the following function

k, =0.5+0.2rand (t)+0.3sin (0.5t +iz/3) (i=1,2,3) (27)

which swings between 1 and 0.2. Simulate the same fault in both traditional quaternion feedback
control method and the adaptive fault-tolerant control method. The angular velocity under both
control law is shown in the figure 1. The quaternion under both control law is shown in figure 2.
The control torque under both control law is shown in figure 3.
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Figure 1. Angular Velocity (rad/s) During Traditional Quaternion Feedback Control Law and Adaptive
Fault-Tolerant Control Law.
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Figure 3. Control Torque During Traditional Quaternion Feedback Control Law and Adaptive Fault-
Tolerant Control Law.

From the figures, we can see that the adaptive fault-tolerant control law works well under the
actuator gain fault mode, not only with improved speed but also need less control torque.
Actuator Deviation Fault under Two Control Logic

This case involves actuators which is delivering a constant torque above or below the required
torque. As equation (23), we set the fault as

0 t <5s
%7 10.005 t=5s
- (28)
a;,=0

The angular velocity of both control law is shown in figure 4. The quaternion under both con-
trol law is shown in figure 5. The control torque of both control law is shown in figure 6.
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Figure 4. Angular Velocity (rad/s) During Traditional Quaternion Feedback Control Law and Adaptive
Fault-Tolerant Control Law.
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Figure 5. Quaternion During Traditional Quaternion Feedback Control Law and Adaptive Fault-Tolerant
Control Law.
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Figure 6. Control Torque During Traditional Quaternion Feedback Control Law and Adaptive Fault-
Tolerant Control Law.

As shown in the figures, under actuator deviation fault mode, the traditional quaternion feed-
back control law couldn’t track the trace well; the quaternion even deviates from a predetermined
trajectory. The adaptive fault-tolerant control law still keeps steady under this situation. When
actuator deviation fault happen at 5s, the system isn’t change much and easily come back to the
steady condition.
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Actuator Gain Fault with Limit Control Torque
We assume that the spacecraft is equipped with simple reaction wheels. The wheel data is
based on the Sinclair Interplanetary picosatellite reaction wheels™. The maximum wheel torque is

1x10"Nm. Simulation is combined both actuator gain fault and actuator deviation fault. The
gain fault is the same as equation (27). The actuation fault is

0 t<l15s
B {0.001 t>15s
- (29)
a,=0

Figure 7 shows the angular velocities and the quaternions under this control logic, and figure 8
shows the control torque and adaptive parameter.
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Figure 7. Angular Velocities and Quaternion
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Figure 8. Control Torque and Adaptive Parameter

It is shown that fairly good control performance is achieved under such severe actuator faults
combined situation with limited control torque. Since the actuator deviation fault exists on a, , the

* http://www.sinclairinterplanetary.com/reactionwheels
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control torque u, should be coordinated with the deviation fault instead of getting to 0. The undu-
lating curve is set by the actuator gain fault.

The simulations on all those severe cases including the worst one all indicate that the proposed
control is indeed robust, adaptive, fault-tolerant, and user/designer friendly.

CONCLUSION

An adaptive fault-tolerant control logic, which is improved from the traditional quaternion
feedback control, is introduced to the nano-spacecraft. The spacecraft system is considered with
an actuator gain fault and actuator deviation fault. Using the parameters of UKube-1 in the simu-
lation example, it was shown that the ability of adaptive fault-tolerant control logic to deal with
failures is significantly increased when compared to traditional quaternion feedback control logic
with both an actuator gain fault and an actuator deviation fault.
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