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ABSTRACT. For the attitude control system of cube satellite in low earth orbit, a fault
tolerant adaptive control method which combines H-infinity robust control and dynamic
adaptive neural network is presented to deal with the case that magnetorquers as the
satellite’s actuators lose partial effectiveness after working long hours. Furthermore, the
method can handle the negative influence from periodic variation of the earth magnetic
field strength and uncertain external disturbances to keep the system stable within the
tolerant error range. First, the H-infinity robust control algorithm is designed mainly to
prevent the controlled system from external distances. Next, a kind of dynamic struc-
ture adaptive neural network is incorporated into the exited control loop to eliminate the
negative influence caused by actuator faults and magnetic strength variation, so that it
improves the ability of reconfiguration control to ensure the whole system being closed-
loop stable ultimately in the faulty condition due to its better approrimation for uncer-
tain nonlinearities by updating not only network’s weight parameters but also its topology
structure adaptively on-line. Finally, the numerical simulation is performed for a two
unit cube satellite and the results show that the control method presented is effective.
Keywords: Fault-tolerant control, Satellite attitude control, Robust control, Dynamic
neural network

1. Introduction. Now artificial satellite is in operation for various purposes such as
communication, navigation, military service, weather forecasting, and astronomical ob-
servations. Since it takes much time and high payment to launch a satellite, there would
be huge economy loss once the satellite fails to work normally due to some actuator faults.
In view of this point, fault tolerant control (FTC) for satellite is a key practical issue on
which much literature has proposed different methods, such as adaptive control, neural
networks (NN), sliding mode control and fuzzy control [1-3]. In [4], a neural-network-
based scheme is used for fault diagnosis of the reaction wheel in a satellite-attitude con-
trol system. H-infinity (H.,) scheme is adopted in [5] to design fault diagnosis scheme
for microscope satellite thrusters. And a dynamic inversion theory based fault tolerant
controller was presented in [6] to achieve attitude control for a satellite with four reaction
wheels. A sliding mode control method is now used intensively, for example, it is applied
in [7] for the satellites with small actuator faults, and seems to be well done according to
the simulation results. Though the FTC for satellite has been investigated extensively,
it still lacks attention for cube satellite (CubeSat) with magnetorquer as its actuator
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in low earth orbit [8], such as the satellites studied in famous QB50 project [9]. Since
magnetorquer is seriously influenced from the periodic variation of the earth magnetic
field strength on the orbit, there is nonlinear actuator output in kinetic equation of the
CubeSat’s attitude control system [10-12]. It brings more difficulties to FTC algorithm
design for actuator faults such as effectiveness loss of magnetorquer.

In addition, another important issue about attitude control of CubeSats should be that
how to prevent the system from uncertain external disturbances such as gravitational
torque, solar radiation, aerodynamic torque and internal noise [13]. H,, robust control
has been proved in much research literature that it can restrain the system from uncer-
tain external disturbances effectively and make the system achieve satisfactory control
performance within the tolerant error range which is given as a norm bound [14]. How-
ever, traditional H,, robust control used solely is ineffective to keep the controlled system
closed-loop stable if there are uncertain nonlinearities caused by actuators faults or earth
magnetic field strength variation. In view of this point, a kind of dynamic adaptive neural
network is adopted to H,, robust control algorithm in this paper, achieving the adaptive
FTC which is of analytical redundancy to rearrange the control effect and make the con-
trolled system work stably when some actuator faults occur. The primary advantage
of the dynamic adaptive neural network presented in this paper is that it can eliminate
the influence of uncertain nonlinearities excellently because both its weight parameters
and topology structures can update on-line adaptively with approximation error altering.
So far as we know, the neural-network-based control presented in most literature rarely
applied this kind of dynamic neural network on control scheme due to its alterable topol-
ogy structure whose altering rule is hard to design. However, the problem is solved in
this paper by incorporating the dynamic NN into H., robust control law to obtain the
updating rules of weight parameters and topology structure based on system’s stability
analysis. In theory, the whole system can obtain the better dynamic control performance
because the network’s fixed approximation error can be reduced greatly with the on-line
updating rule of its parameters and structure [15]. The adaptive FTC proposed in this
paper is discussed mainly for the attitude control system of a 2-Unit (2U) CubeSat in
LEO developed in QB50 project of Australia Center of Space Engineering and Research
(ACSER) in UNSW [16] by theory analysis and numerical simulation, demonstrating its
reconfiguration control ability for partial loss of magnetorquer’s effectiveness when there
are uncertain external disturbances and periodic variation of magnetic field strength in
the satellite simultaneously.

This paper is organized as follows. Section 2 summarizes the problem formulations.
In Section 3, adaptive fault tolerant control is designed by embedding dynamic adaptive
neural network into H,, robust control algorithm. Simulation results on a 2U CubeSat
with the derived FTC controller are given in Section 4. Finally, conclusions are drawn in
Section 5.

2. Problem Formulations. When you cite some references, consider a 2U CubeSat
using magnetorquers in LEO [16], and its nonlinear equations of attitude motion are
given by the kinematics and the dynamics [17]:

do -1 —G2 —43

. Wy

q1 _ 1 o —43 Q42

: =3 Wy (1)
gz 2 qs G —q

qds —q2 41 qo
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Wy —wy(Iw), + w,(Iw), My W
Wy, | =L | w(lw), — w,(Iw), +I'B@t) | my, | + 1, | wey (2)
w, —wg (Lw)y + wy(Lsw)y m, Wy

where qo, q1, g2, g3 are the attitude quaternion, w,, wy, w, are the angle rates, the matrix
I, € R**® includes the elements of moment of inertia, B(t) is the local geomagnetic field
matrix which is of periodic variation, m,, m,, m, are magnetic dipole moments produced
by 3-axis magnetorquer, i.e., the control input elements, and wgy,, wq,, wq, are the external
disturbances. In (2), (l;w),, (Isw), and (I,w), are defined as follows:

([sw):r = lgaWwy + [:Eywy + I&?sz
(Lsw)y = Typws + Iyywy + Iy,w, (3)
(Isw)

[sw 2 = dpgWy + [zywy + [zzwz

Suppose that the attitude system’s equilibrium point is [ G @1 92 Q3 ] =[1 0 0 0],
Equation (1) can be linearized around the equilibrium point, and then the following
equation is derived by further simplifying Equation (2):

. 0
r = |:lI :|$2:TZU2 (4)
513

iy = f(xo) + I, ' B(t)u + I, 'wy (5)

where 21 = [ @0 @1 ¢ qg]T,xZ:[wI Wy wz]T,u:[mI m, mz}Tandwd:
[wdx Wqy Wy ]T-

Considering the case that each of the actuators may partially lose its actuation effec-
tiveness, (4) and (5) can be rewritten as follows:

e { fn ] ’ { =5, ] s { (B0 - By
! { Ag(;), u, 1) ] * { f;?wd ] (6)

= F(x(t),) + BI; ' Bou(t) + BAf(z(t), u(t),t) + D(t)

where z = [ 1 ]T ER,B=1[0 I; ]T € R™3, By, € R>? is the mean value
of B(t), and Af(x,u,t) = I;'[B(t) — BoJu(t) + Ag(x,u,t) is an uncertain nonlinear
continuous function caused by actuator faults Ag(z, u,t) and local geomagnetic variation
I7Y[B(t) — Bolu(t). If the attitude states are given as 74 = [ x; x |7, then the attitude

S
error is defined as e(t) = x — x4, and accordingly, dynamic equation of the errors can be

written as:
é(t) = F(x(t),t) + BI,; 'Bou(t) + BAf(x(t), u(t), t) + D(t) — iq (7)
As the I By is invertible, the control law is presented as follows:
w=(I;'By) ug + up + BTig — f(22,1)] (8)

where uy = Ke is the output of robust control, and u,, is the output of dynamic adaptive
neural network (NN). The feedback gain matrix K will be designed in the next section.
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Substituting (8) to (7), then
é(t) = F(x(t),t) + BAf(z(t),u(t),t) + D(t) — iq + BKe(t)
+ Bu, + BB%i4 — Bf(7,1)
= [F(x(t),t) — &g + BBY &4 — Bf(xq,t)] + BKe(t) + D(t)

9
+ Bu,, + BAf(x(t),u(t),t) ©)
= Ae(t) + BKe(t) + D(t) + Bu,, + BAf(x(t), u(t),t)
= (A+ BK)e(t) + D(t) + Bun, + BAf(x(t), u(t),t)
0 T 7><7 . . .
where A = 0 o0l€ R™". Equation (9) shows that the system can achieve ultimate

closed-loop stability by carefully choosing u, to eliminate the impact of Af(z(t),u(t),t).
And choose appropriate K to eliminate disturbance element D(t).

3. Design of Adaptive FTC Based on Dynamic Neural Network. First of all, K
is obtained by use of H,, robust control algorithm. Here, assuming that Af(z,u,t) = 0
and u, = 0, just design the H,, robust control law for the system:

é(t) = (A + BK)e(t) + D(t) (10)

to eliminate external disturbances D(t). Set the following H-infinity performance index
as:

/000 el (t)Qe(t)dt < e (0)Pe(0) + +2 /000 DT (t)D(t)dt (11)

where 7 is a given positive value, @) is a given positive definite symmetric constant matrix,
and P is a positive definite symmetric constant matrix to be calculated.

Theorem 3.1. Given v > 0, Q = QT > 0 to make the following Riccati equation have a
solution of positive definite symmetric matriz P,

1
ATP+PA—-P <QBBTQ‘1BBT — ¥I> P+Q+I1=0 (12)

the closed-loop gain is
K =-B"Q™'BB"P (13)

Then the system (10) is of bounded stability with the H-infinity norm bound v, and satisfies
the performance index (11).

Proof: Consider the following Lyapunov candidate function V'(x) = e (t) Pe(t). Sup-
posing D(t) = 0, then we can get V(z) = e (¢)[(A + BK)TP + P(A+ BK)le(t). In view
of (12) and (13), the following inequality can be derived:

V(z) = el (t)[ATP + PA—2PBTQ 'BBT Ple(t) < 0

Hence, the closed-loop system é(t) = (A + BK)e(t) is asymptotically stable.
Note that A; = A+ BK, and then discuss robust stability of the system (10). First we
obtain the following expression based on the expansion of left Equation (11):

/000 e’ (t)Qe(t)dt = " (0)Pe(0) — e’ (c0) Pe(00) + /000 {eT(t)Qe(t) + % [e"(t)Pe(t)] } dt
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As e (00)Pe(o0) > 0 and substitute (10) into the above expression, one has

/0 T B Qet)dt

< e"(0)Pe(0) + /Ooo {eT(t)Qe(t) + %[eT(t)Pe(t)]} dt
= e"(0)Pe(0) + /0 00{ el (t)Qe(t) + e (t)[PAg + AL Ple(t)
1 ! 1 2 NT 1 T
- [;Pe(t) - *yD(t)] [;Pe(t) - *yD(t)] +°D" (t)D(t) + ?e (t)PPe(t)} dt
<

oo 1 oo
e’ (0)Pe(0) +/ el (t) [Q + PA;+ ATP + ?PP] e(t)dt+/ v2DT(t)D(t)dt
0 0
(14)
Here, the following inequality can be deduced

1 1
AP+ PAyj+ PP+ Q=A"P+PA—-2PBB"Q 'BB"P+ —PP+Q <0
¥ gl

Hence, (14) satisfies the performance index (11)

/0 T T (1Qe(t)dt < €T (0)Pe(0) + /0 T ADT(H) D)t

The proof is completed.

Next, a kind of dynamic adaptive neural network is designed to compensate the influ-
ence of the uncertain nonlinear function Af(z,u,t) in (9). The output of the dynamic
adaptive NN is constructed as follows:

where u,, is the output of the neural network, and u,, is its compensation for the ap-
proximation error. Modified from the fully tuned adaptive radial basis function neural
network (RBF NN) [17] and dynamic structure neural network [18], a kind of dynamic
adaptive RBF NN is presented in this paper with on-line variable topological structure
and updating network’s parameters to achieve more accurate approximation performance.
The following equation can be obtained because dynamic adaptive RBF NN has the same
approximation property with fully tuned RBF NN:

Af(z,ut) = WG (X, €, 7%) +e(X) (16)

where X = [27,e" ] € R'" is the input vector of dynamic adaptive RBF NN, and
X € A,, where, A, is a large enough compact set. W*, £*, n* denote ideal constant
weight, center and width separately, and ¢(X) is the approximation error, satisfying

er = sup ||g(X)||. G* is chosen as commonly used Gaussian functions. The output tu,,
Xi€A,
of dynamic adaptive RBF NN is defined as follows:

Unp = —WTG(X, €, 1) (17)

where W, é, 7 are estimations. The Taylor’s series of G*(X,£*,n*) is taken at £* = é,
n* = 7, and then substituting (16) and (17) into (9), we can get the following equation
after simplification. Here, note that D(t) = 0 since K is of robust capacity.

é(t) = (A + BK)e(t) + BWTG + BWT(G'¢€ + G'it) + BE — Bu,, (18)
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where W = W*—W, £ =¢* — € fj=n* —#, G'c = diag(ge) € R5", G = diag(gy) €
RME B =WT(GE +Gi) + WTO(X,€,7) +e(X), O(X,&,7) is the sum of high-order
arguments in Taylor’s series expansion. Based on the property of RBF NN, it is supposed
that ||E|| < o(t), where ¢() is nonnegative function.

The compensator of dynamic adaptive RBF NN is designed as:

tns = —sgn(B Pe)p(t) (19)

where ¢(t) is the estimation of p(t), P is the given symmetrical positive definite matrix,
and sgn(BT Pe) is the symbol matrix of BT Pe.

The dynamic adaptive RBF NN adopted can increase its hidden units on line from an
original given number to an appropriate scalar with the approximation error growing until
it is within the tolerant range. The threshold logic unit (TLU) is designed to avoid the
case that the on-line altering of the topologic structure influences the real-time property
of the system. TLU has nothing to do with the existed feedback control loop, only being
used to judge whether to add a new hidden unit. The input of TLU is the sampling value
of current attitude error, and its sampling frequency is the same as the NN’s parameters
updating frequency. The output of TLU determines whether it is necessary to add a new
hidden unit according to the given growth criterion as follows. Therefore, TLU is defined
as the following form with two main components.

One is operation rule: p = aexp(ey, — E1) + (1 — a) exp(€épms — F2) and the other is
growth criterion of hidden units formed by logical compare:

p>1, L=L+1
{ p<1 L=1L (20)
where L denotes the number of hidden units, e, = ||e(n)|| denotes the approximation
error at the sampling time n; €,p,s = \/Z?:n_(M_l) ||e(z)||2/M denotes the accumulative

error covering a time sliding window M. FE; and FE5 are the given bound values, and
0 < a < 1 is the influence factor. The parameters associated with the new hidden unit
are given initially: &1 = x(n), n141 = Aewq, where X is a regulatory factor.

Theorem 3.2. For the system (9), if there is a symmetrical positive definite matriz P
satisfying the inequality (12), it can achieve closed-loop bounded stability ultimately under
the control of the adaptive FTC (8). Supposing that the number of dynamic adaptive
RBF NN'’s hidden units grows as (20), its parameters such as weights, centers and widths
update by the following expressions:

W = 0,Ge” PB 21
£ = ag(eTPBWTCAv’g)T
i =o3(e" PBW'G,)"

b= 0" PB|

22
23

)
)
)
24)

(
(
(
(

where o1, 09, 03, 04 are all positive constants as the requlatory factors of the dynamic
adaptive RBF NN.

Proof: Choose the following Lyapunov candidate function

1 1 I 1 ~p~ 1 1
V= —ep i (WIT) - —£T R A P A
26 6+201 " )+2025 &+ 20377 T 20490 7
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where © = ¢ — ¢ is the compensation estimation error of dynamic adaptive RBF NN.
Differentiate the above function and result in

1 1 1 ee 1owns 1 e 1 s
V =—¢TPe+ —eTPe+ —tr(WTW) + —T¢ + —iiTij+ — @7 ¢
2 2 ozl 09 O3 04

According to W = —W, 5: —é, n= —ﬁ, ¢ = —gé, the following function is derived after
inserting (9), (21)-(24).

V= %eT[(A + BK)TP + P(A+ BK))e + ' PBE — ¢" PBsgn(¢T PB)3(t) — " ||e” PB|
Obviously,
V< %eT[(A + BK)TP + P(A + BK)le + |e"PB|| | E|
= le"PB|l (1) — (v = &) " PB]|

< ~e'[(A+ BK)"P+ P(A+ BK))e

DN |

Based on the proof of Theorem 3.1, it is derived that V < 0, and the system controlled
by adaptive FTC (8) can be closed-loop bounded stable. The proof is completed.

4. Simulation and Comparison Results. To verify the effectiveness of the proposed
FTC (8), numerical simulations are done for a 2U CubeSat of QB50 project in ACSER
of UNSW. The parameters of this 2U CubeSat are listed in Table 1.

TABLE 1. Main parameters of satellite

Mass (kg) 1.92
Inertia moments (kg - m?):
Principal moments of inertia I, = 0.0115, I,, = 0.0115, I, = 0.00369

Products of inertia Can be neglected
Orbit Altitude (km) 320
Attitude control type Three axis control by three magnetorquers

The initial attitude orientation is set to be [ o 0 Y ] = [ 1 21 ]o with initial angle
rate w = [ 0.0001 0.0006 —0.0003 | rad/s.
The external disturbance is considered to be the gravitational torque as follows [19]:

" ([z - Iy)Ql -|

T, = 3.999 x 107° { (I. — 1) g
0

According to [19], the mean value of the local geomagnetic field matrix B(t) can be
obtained that

0 1.1407 x 107 —5.0828 x 10712
By = | —1.1407 x 1075 0 9.8757 x 1078
5.0828 x 10712 —9.8757 x 1078 0

As proposed in Section 3, the regulatory factors are chosen as:
vy=1, L=3, A=1, a=06, 0y =0y=03=1, 04 =0.8
and ) = diag [ 1.5 1.5 1.5 1.5 1.5 1.5 1.5 ]
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0 —0.47 0 0 —2.01 0 0
So the feedback gain K = | 0 0 —0.47 0 0 —2.01 0 is ob-
0 0 0 —0.47 0 0 —2.01

tained according to (12) and (13).

The aim of simulations is to demonstrate the reconfiguration control performance for
magnetorquers’ effectiveness loss by use of the adaptive FTC algorithm (8). Suppose that
the magnetorquers in the roll, pitch and yaw axis decrease 20% of their normal values
from 30000 s respectively. Figure 1 shows the time responses of the attitude control
system under the H., robust control without NN. And Figure 2 shows the corresponding
responses under the control of the proposed FTC (8). From the simulation results, it is
shown that the H,, robust control is not of capability for the magnetorquer faults, and
could not control the faulty system to achieve the stability requirement, though it seems
that it can deal with the periodic variation of magnetic strength to a certain extent. And
the results from Figure 2 show that the attitude angle in the roll, pitch and yaw axis of
the satellite can be controlled in desired orientation stably, quickly and smoothly with
negligible error when the effectiveness of the magnetorquers decreases under the control
of the FTC (8) presented in this paper, which does not bring too much negative influence
into the attitude control system, just having some tiny vibrations in the related curves at
the beginning of faults.

Attitude-quaternion timeresponse Euler angles
1 T T T - vy “f'n ]
S e [
0.95 1 1 L I I k=B U‘#[U"wawm—"ﬂ—/\/\/\/ \/_\,f\f\/_f
0 1 2 3 4 5 6 £ \ U'
time(sec 4 5 ' " L \ .
(EEC) x 10 o - 5 L s L 3
e I I ' ' . time(sec) e
o 0 prasren ——————T T r\f\/\/\//\ i l ‘ l
0.2 L 1 L I L -
0 1 2 3 4 5 6 g \
timefsec) w1t § Ofw AN NN ] \
05 T T T T T g
Bl 50 L r ' 1 !
S  Opr— AV Ve VAV AV AVAVA" 0 1 5 3 4 : .
05 : : - ! = time(sec) 4
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5 005 . , . : . .
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b= H | | J
N 01 1 1 t | ¢ —0.20 1' '2 :; :1 || ‘;_, :
’ 1 : : ! ’ 3 time{se 4
time(sec) X 10" (sec) x 10

FIGURE 1. State response under H,, robust control (the effectiveness of
actuators loses 20%)
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Attitude-guaternion time-response Euler angles
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FIGURE 2. State response under the adaptive FTC control presented (the
effectiveness of actuators loses 20%)

5. Conclusions. For 2U CubeSates in LEO using 3-axis magnetorquer as its actuator,
adaptive attitude FTC is designed in this paper based on dynamic adaptive RBF NN. This
FTC scheme could ensure ultimate bounded convergence of the attitude angle error when
there are partial loss of magnetorquers’ effectiveness, periodic variation of magnetic field
strength and uncertain external disturbances in the satellite simultaneously. Numerical
simulations are carried out to verify the effectiveness of the presented FTC scheme by using
the 2U CubeSat of QB50 project in ACSER as the plant. From comparing the results of
H ., robust control and those of the FTC presented, it is shown that the presented FTC
has satisfactory reconfiguration ability for partial loss of actuators’ effectiveness, making
the attitude system with modeling nonlinearities and external disturbances to be ultimate
bounded closed-loop stable.
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