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Design of an Adaptive Actuator Failure Compensation System
for a Space Transportation System

*Shin-ichiro Tokinort, Yoshinori Hasebe Yuzo Shimadaand Akio Abé

Abstract: This paper presents a new actuator &aitempensation system for a space transportat&teray The proposed
system is designed to maintain the desired valfieeldcle angular velocity if a partial actuatoildiae occurs by using
model reference adaptive conti®iRAC). If a failure occurs, this system is acte@dtto generate the required “control
effect” using redundant control deflections. Nuroarisimulation was performed to confirm the validif the proposed

system.

1. Introduction

Space transportation systems require some tolerance

for failure. To this end, Ochi and Kanai designée t
reconfigurable flight control system for failure
compensation. Their system is designed to combiae t
feedback linearization method with an adaptive
estimation mechanism in order to maintain flight
performance without needing to determine the defect
component 2,

In this paper, we focus on an actuator failure
compensation system for a space transportatiorersyst
with actuator redundancies by using model reference
adaptive control (MRAC). The proposed system is
designed to generate the required “control effécthe
actuator fails.A numerical simulation was performed to
confirm the validity of the proposed system.

2. Plant Dynamics
A linear approximation of the rotational motionthg
vehicle is described by

O
Pl ay a, as|p| [by b, by b, bs|de
A[=|an @, a;|q|*|by by by by 04, (1)
r & 8y 85| | |by by, 0 0 by]dg

1)

As shown in Figure 1p, g, andr represent the angular
velocity of the roll, pitch, and yaw, and, , 9, J,
J4, and o, express the angles of the left/right aileron,
left/right elevator, and rudder, respectively. Eg.can be
rewritten as

X=Ax+Bo=Ax+f, (2
f=[f, fq f.]" =Bd, (3
where the constant coefficient matrices(] R*® and
BOR> are composed of the stability and control
derivatives, respectively.

In this paper, it is assumed that the aircraft has
redundancyof the ailerons and elevators by allowing
right and left ailerons/elevators to be operated
independently. The vectoFr =Bé is treated as the
“control effect”.

3

Figure 1. Definitions of positive
and negative control deflections

Here, the actuator dynamics is treated as following

five sets of the second-order systems:
0, = A0, +B,u+d,
0=0Cd,,

where §, JR'* is the state vector composed of the
deflection angles and its rates of changg, 0 R***° is
the coefficient matrix of the state vector, thetconinput
udR>* is the vector of the deflection commands for
the each actuatorB; O R'*® is the coefficient vector of
U, dOR™ is the vector of disturbances, and the
output ¢ is the vector of the angles of the control
surface. In addition, the following output equatisralso
introduced to construct the adaptive control lawthe
next section. This output vector comprises the emgff
the control surfaces and their respective ratehahge.

(4)

0,=C,0,=6+ad (5)
3. Failure Compensation System
In this section, an adaptive actuator failure

compensation system is presented. The followindovec
f, represents the desired control effect without atciu
failure, which corresponds to the control effeattee f
in Eq. (3).

fm =[me me me]T = Bam (6)

The purpose of the proposed system is to guaraifitee,
the actuator fails, that the control effect vectdr
corresponds to vectorf =~ by using the redundant
control surfaces described by

f=f, (7)

The reference model of the actuator dynamics is
determined by Eq. (8). This model indicates theiator
dynamics without failure.
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5, =A,d,, +B. U, ®)
d,=Cd,,

The vectors and matrices areA JR™ ,

B, OR™®, 4, OR™, and u, O0R*. The following
output equation corresponds to Eq. (5).
51m = Cléam = 6m +a§'m (9)

The input for the reference model is determined to
achieve the desired control deflection with the
pseudo-inverse matrix*.

u, =B'r, =B"(BB")"r, (10)

r, OR>* represents the angle vector of the aileron,
elevator, and rudder to maintain the desired amgula
velocities, andB* O R*® is the pseudo-inverse matrix.
Here, the control law is designed such that theiired
deflection signalr, is adaptively determined using the
control surface actuators.

u=K,(t)a, + K, (t, +vt) (11)

Here,K,(t), K, (t), and v(t) indicate the control
gains and the command signal. These values are
generated by the following parameter adjustments)aw
which are based on Lyapunov's second law to guagant
the stability of the system.

K,(t)=-BLCIB" Pjef (t)o" (t)dt+ K, (0) (12)
K, (t) ==B,C{BTP[e ()] (dt+K, (0) (13)
v(t)=-B.CIB"P j e (Ddt+v(0)  (14)
The second term on right-hand side of each equéation
the initial value of the parameter® is a weighting
matrix, and B,; is defined as follows:
B,; = BC,B; (15)
4. Numerical simulations
Numerical simulation was performed to verify the
effectiveness of the proposed system. Table 1 sliogvs
simulation conditions.
Table 1.
Command r,

Simulation conditions
10 [deg] (step input)
Right elevator is fixed
at 04=-30 [deg] at =5 [s]
Model Reference [3]
Figure 2 shows the time histories of the pitchl, rrhd
yaw rates of the vehicle. Figure 3 indicates thaeti
histories of the control effecfsandf . In figures 2 and
3, the solid lines are the actual angular velogitie and
the control effecf , and the dotted lines represehe
reference outputx —and the vectorf_, respectively.
According to these figures, the proposed system
distributes the command signals to each actuator
appropriately. The angular velocity of the vehicke and
the control effect f are converged tox,k andf_,
despite the actuator failure fat 5 [s]).

Failure mode
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Figure 2. Time histories of angular rate
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Figure 3. Time histories of control effect
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5. Conclusions

This paper presents a new actuator failure
compensation system using model reference adaptive
control (MRAC) for a space transportation systerhe T
effectiveness of the proposed system is verifieziresg a

right elevator failure by numerical simulation.
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