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   Abstract—To  realize  high-precision  attitude  stabilization  of  a
flexible  spacecraft  in  the  presence  of  complex  disturbances  and
measurement  noises,  an  iterative  learning  disturbance  observer
(ILDO)  is  presented  in  this  paper.  Firstly,  a  dynamic  model  of
disturbance  is  built  by  augmenting  the  integral  of  the  lumped
disturbance  as  a  state.  Based  on  it,  ILDO  is  designed  by
introducing  iterative  learning  structures.  Then,  comparative
analyses  of  ILDO  and  traditional  disturbance  observers  are
carried  out  in  frequency  domain.  It  demonstrates  that  ILDO
combines  the  advantages  of  high  accuracy  in  disturbance
estimation and favorable robustness to measurement noise. After
that, an ILDO based composite controller is designed to stabilize
the  spacecraft  attitude.  Finally,  the  effectiveness  of  the  proposed
control scheme is verified by simulations.
    Index Terms—Disturbance  observer,  iterative  learning,  measure-
ment noise, spacecraft attitude control.
  

I.  Introduction

H IGH-precision  attitude  stabilization,  including  high-
accuracy pointing and high-stability attitude stabilization,

is  essential  for  a  spacecraft  to  accomplish  advanced  remote
sensing and reconnaissance space missions, in which precision
instruments are generally utilized [1], [2]. However, complex
disturbances,  such  as  environmental  disturbances,  flexible
vibrations, parameter uncertainties, and actuator faults widely
exist [3]. Meanwhile, the measurements of spacecraft attitude
are  inevitably  contaminated  by  sensor  and  circuit  noises  [4],
[5].  These  disturbances  and  noises  may  cause  performance
degradation  of  attitude  control  and  bring  challenges  to  the
normal  operation  of  the  precision  loads.  As  a  result,
suppression  of  these  complex  disturbances  and  measurement
noises is an important task for spacecraft control.

To  achieve  desirable  robustness  to  the  disturbances,  many
control  schemes  have  been  proposed  for  the  flexible
spacecraft control, such as proportional-derivative control [6],
adaptive control  [7],  sliding mode control  [8],  and robust H∞

control [9], [10]. However, the robustness of these controllers
to  external  disturbances  and  flexible  vibrations  is  generally
improved  at  a  price  of  sacrificing  their  nominal  performance
[2].  The  consequent  conservativeness  of  the  controllers  may
not fully meet demand of high-precision attitude control in the
presence  of  complex  disturbances  and  measurement  noises.
An  improved  mixed H2/H∞ controller  based  on  poles
assignment may help to reduce the problem [1]. Alternatively,
a  disturbance  observer  can  be  applied  to  give  accurate
estimates  of  the  disturbances  and  flexible  vibrations  in  the
system.  Then,  by  combining  the  observer  with  a  robust
controller,  a  practical  composite  controller  for  flexible
spacecrafts  utilizing  both  the  measured  information  and  the
estimated  information  can  be  achieved  [11]–[13].  This
strategy  is  known  as  disturbance  observer  based  control
scheme (DOBC).

In  DOBC,  undesirable  effects  from  disturbances,
uncertainties,  and  flexible  vibrations  are  estimated  by  an
observer, and then compensated for through feedforward input
signals.  Thus,  the  robustness  to  disturbances  of  the  closed-
loop  system  could  be  further  improved  and  the
conservativeness  of  the  base-line  controller  could be reduced
[14]–[16].  For  these  reasons,  DOBC  has  gained  increasing
popularity in recent decades.

In DOBC, the estimation accuracy of disturbance observers
plays  an  important  role  in  achieving  high-performance
disturbance rejection [17]. Therefore, many efforts have been
made  to  develop  novel  disturbance  observers  with  high
estimation  accuracy.  For  instance,  sliding  mode  techniques
can  be  applied  to  the  disturbance  observer  to  reduce  the
effects  of  unmodeled  disturbances  on  the  disturbance
estimation  [18],  [19].  However,  the  inherent  chattering  may
cause  complex  noise  problems  and  energy  losses  [20].
Alternatively, an extended disturbance observer (EDO) with a
high  order  structure  can  be  adopted  to  realize  high-accuracy
disturbance  estimation  [21],  [22].  However,  EDO  is  easily
affected by measurement noise when large observer gains are
chosen.  Measurement  noises  included  in  the  disturbance
estimates  will  be  imported  into  the  control  system.  It  may
cause  heavier  chattering  of  actuators  and  affect  the  attitude
control  performance.  Thus,  high-performance  disturbance
observer  for  spacecraft  attitude  control  is  still  currently  an
important  research  topic.  Except  for  the  disturbance  estimate
accuracy,  the  robustness  to  measurement  noise  and  the
convenience  of  implementation  should  also  be  taken  into
consideration in the observer design.
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It  is  noted  that  an  iterative  learning  observer  (ILO)  is
proposed  by  Chen et  al.  for  faults  reconstruction  or
disturbance  estimation  [23]–[25].  Traditionally,  the  iterative
learning  control  (ILC)  scheme  is  effective  to  improve  the
tracking  performance  of  repetitive  systems.  For  example,  an
adaptive ILC scheme is designed for an underactuated flexible
manipulator  to  compensate  for  the  repetitive  trajectory
invariant disturbance in [26]. In [27], anticipatory ILC scheme
is  utilized  to  reduce  the  effects  of  disturbances  related  to
repeating  ground  track  orbit  to  the  satellite  to  improve  the
attitude  tracking  accuracy.  A  major  difference  between  ILO
and ILC is that the disturbance information is estimated from
output of the system by ILO, and not from the control torques.
Thus,  in  ILO  based  control  scheme,  the  disturbance
compensation  can  be  realized  by  feedforward  without
affecting the  feedback control  of  the  system.  The application
of  ILO  is  no  longer  restricted  to  repetitive  systems  or
disturbances related to the repetitive trajectory [28].

Additionally,  compared  with  conventional  observers,  ILO
shows strong robustness to high-frequency measurement noise
[29],  [30].  In  recent  years,  it  has  been  applied  in  various
engineering  applications.  The  thruster  faults  diagnosis  of
satellite  systems  is  addressed  on  the  basis  of  ILO in  [29].  In
[30], the initial trembling problem of ILO is analyzed. In [31],
sign functions are used to decrease the computing complexity
of ILO. Also, a nonlinear proportional-derivative type ILO is
developed  in  [32].  However,  due  to  the  coupling  of
disturbance and system state estimates in ILO, the disturbance
estimation accuracy of ILO is limited compared with EDO. It
is  the  motivation  of  this  paper  to  design  a  novel  iterative
learning  type  disturbance  observer  with  high  estimation
accuracy  and  adequate  robustness  to  noise  for  spacecraft
attitude stabilization.

To achieve high-precision attitude stabilization of a flexible
spacecraft,  an  iterative  learning  disturbance  observer  (ILDO)
is  proposed  in  this  paper.  Firstly,  the  integral  of  the
disturbance  virtual  measurement  is  augmented  into  the
disturbance dynamic model as a new state. Based on it, ILDO
is then constructed by utilizing iterative learning structures to
update the observer. Secondly, to demonstrate the advantages
of  ILDO  over  conventional  ILO  and  EDO,  analyses  in
frequency  domain  are  given  when  taking  the  measurement
noises  into  consideration.  It  shows  that  the  error  dynamics
between  system  states  and  disturbance  estimates  are
decoupled  in  ILDO.  Through  ILDO,  not  only  high-accuracy
disturbance  estimation  but  also  favorable  robustness  to  high-
frequency  measurement  noise  can  be  achieved.  Moreover,  a
convenient  gain  tuning  method  for  ILDO  is  built.  Then,  an
ILDO based  composite  controller  is  designed  to  stabilize  the
attitude  control  system.  Simulations  are  carried  out  for
showing the improved disturbance estimation performance of
ILDO  over  EDO  and  ILO.  On  the  basis  of  it,  the
improvements  of  the  spacecraft  attitude  stabilization  are
presented.

The remainder of this paper is organized as follows. Section II
presents  the  model  of  flexible  spacecraft,  disturbances,  and
measurement noises in the system. In Section III, conventional
EDO  and  ILO  are  reviewed.  Then,  ILDO  is  proposed  in

Section  IV.  Furthermore,  frequency  characteristics  of  EDO,
ILO, and ILDO are compared in Section V. In Section VI, an
ILDO  based  composite  controller  (ILDOBC)  is  designed.  In
Section  VII,  simulation  results  of  EDO  based  composite
controller  (EDOBC),  ILO  based  composite  controller
(ILOBC),  and  ILDOBC  are  presented.  The  conclusion  is
presented in Section VIII.  

II.  Preliminaries and Mathematical Model
  

A.  Notations
| · |

||a|| a ||a|| =
√

aT a ||A||
A = (ai j)n×n ||A|| = (

∑
i j a2

i j)
1/2

(·)× a = [a1,a2,a3]T

a× =

 0 −a3 a2
a3 0 −a1
−a2 a1 0



In this paper,  denotes the absolute value of a scalar. The
norm  for a vector  means . The norm  for
a matrix  means . In addition, the
operator  maps  a  vector  to  a  skew

symmetric matrix as .
  

B.  Spacecraft Attitude Dynamics

ω(t) = [ωϕ,ωθ,ωψ]T ∈ R3×1
The angular velocity of a flexible spacecraft with respect to

the inertial  frame is  described by .
According  to  [33],  the  dynamical  equations  of  a  flexible
spacecraft  can  be  organized  following  hybrid  coordinates
approach as
 

J(t)ω̇(t) = −ω(t)×[J(t)ω(t)+δ(t)T η̇(t)]

−δ(t)T η̈(t)+u(t)+ de(t) (1)
 

η̈(t)+ Dη̇(t)+Sη(t)+δ(̇t)ω(t) = 0 (2)
J(t) ∈ R3×3

u(t)= [uφ,uθ,uψ]T ∈ R3×1

de(t) ∈ R3×1

η(t) = [η1,η2, . . . ,ηn]T ∈
Rn×1 n

D = diag(2ξ1ζ1, . . . , 2ξ1ζn) ∈ Rn×n

S = diag(ζ2
1 , . . . , ζ

2
n ) ∈ Rn×n

ζi ξi

where  is  the  spacecraft  inertia  matrix;
 denotes  the  control  torque  in  body

frame;  is  the  environmental  disturbance; δ(t)
denotes  the  flexible  coupling  matrix; 

 is  the  modal  coordinate  vector  and  is  the  number  of
flexible  modes  considered; 
denotes  the  damping  matrix; 
denotes  the  stiffness  matrix;  and  denote  the  natural
frequency  and  the  corresponding  damping  ratio  of  the ith
vibration mode.

Since  the  low-frequency  modes  are  dominant  in  the
spacecraft  system, modal  truncation is  applied to systems (1)
and  (2)  for  obtaining  a  reduced  order  model  [11].  The  first
three order  modes of  flexible  vibration are considered in this
paper.

p(t) ∈ R3×1

The  attitude  orientation  of  a  spacecraft  with  respect  to  the
inertial frame is represented by modified Rodrigues parameter
(MRP) . Then, the kinematic equation of spacecraft
is given by
 

ṗ(t) = F(p)ω(t) (3)
F(p) = 0.25[(1− pT p)I3+2p×+2ppT ] I3where ;  denotes  the

identity matrix with dimension of 3×3.  

C.  Complex Disturbances
Internal  and external  disturbances are important  hindrances

to  achieving  high-precision  attitude  control  of  a  spacecraft.
The common disturbances are analyzed as follows.

Firstly, environmental disturbances such as gravity gradient
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dg(t) ds(t)
dc(t) da(t) de(t)
torque ,  solar  radiation  torque ,  geomagnetic  torque

,  and aerodynamic torque  can be lumped into 
as
 

de(t) = dg(t)+ ds(t)+ dc(t)+ da(t). (4)
As indicated  by  [34],  the  frequencies  of  these  disturbances

are  typically  related  to  the  orbiting  of  the  spacecrafts.  Thus,
the major components of them are slowly-varying. Also, these
disturbances  have  upper  bounds  due  to  their  existence  in  a
physical system.

J(t) = J0+ Je(t)
J0 ∈ R3×3 Je(t) ∈ R3×3

Inertia  matrix  uncertainties  result  from  load  variation,  and
fuel consumption should also be taken into consideration. The
spacecraft inertia matrix can be described as ,
where  is  the  known  inertia  matrix, 
denotes  the  time-varying  inertia  matrix  uncertainty.  Then,
equivalent  disturbance  caused  by  inertia  matrix  uncertainties
is described as
 

du(t) = −Je(t)ω̇(t)−ω(t)×Je(t)ω(t). (5)

u(t) = uc(t)+u f (t) uc(t) u f (t)

In  addition,  the  spacecraft  is  faced  with  actuator  health
problems  during  long-term  space  mission.  In  this  paper,
control  torque  of  actuator  with  deviation  is  described  as

, where  is the desired torque and 
denotes the deviation between the actual output of the actuator
and  the  desired  control  torque.  Typically,  the  actuator  fault
can be modeled following [35] as
 

u f (t) = [E(t)− I3]uc(t)+ ūe(t) (6)
E(t) = diag[eϕ(t),eθ(t),eψ(t)] ∈ R3×3

ei(t) ∈ [0,1] i = ϕ,θ,ψ
ūe(t) =[ūeϕ(t), ūeθ(t), ūeψ(t)]T ∈

R3×1

where  is  the  actuator
effectiveness  matrix  and , ,  denotes  the
actuator  effectiveness  ratio; 

 denotes the additive uncertain faulty torque.

d f (t)

Flexible  vibrations  are  also  important  disturbances  that
affect  the  attitude  control  performance.  For  achieving  high-
precision  attitude  stabilization,  the  effect  of  the  flexible
vibrations  is  considered  as  the  equivalent  disturbance 
that can be compensated by DOBC approach [11]–[13].
 

d f (t) = −ω(t)×δ(t)T η̇(t)−δ(t)T η̈(t). (7)
Then, substituting (4)–(7) into (1) gives

 

J0ω̇(t) = −ω(t)×J0ω(t)+uc(t)+d f (t)+de(t)+u f (t)+du(t). (8)

d(t)

The  aforementioned  disturbances  typically  cannot  be
measured directly, while the disturbance observer is effective
to  give  accurate  estimates  of  them  for  controller  design.  We
lump  all  these  disturbances  into  following  [2],  [11]  and
[12] as
 

d(t) = d f (t)+u f (t)+ de(t)+ du(t). (9)
Then, (8) can be rewritten as

 

J0ω̇(t) = −ω(t)×J0ω(t)+uc(t)+ d(t). (10)
Remark 1: The  flexible  vibrations  are  viewed  as  a  part  of

the  lumped  disturbance  in  the  system;  thus  their  adverse
effects  on  the  spacecraft  attitude  can  be  estimated  and
compensated by means of  the DOBC approach.  Despite  that,
the flexible vibrations themselves are attenuated passively by
the  damping  of  the  spacecraft  [2].  Actually,  the  flexible
modals  will  also  converge  with  the  improved  control
performance of the angular velocity.

Remark 2: In  practice,  disturbances  in  spacecrafts  cover  a
wide  range  of  frequencies.  However,  high-frequency
disturbances  are  generally  adequately  suppressed  by  various
isolation  equipment  or  damping  equipment  onboard  [36].  As
indicated  by  the  in-orbit  vibration  test,  the  low-frequency
attitude vibrations that  mainly induced by the slowly-varying
disturbances  are  dominant  in  energy  [37].  Thereafter,  the
slowly-varying  disturbances  are  mainly  considered  in  the
observer and controller design.

d(t)
According to the analysis above, it is reasonable to give an

assumption for  as follows.
d(t)

d1(t)
d(t) = d1(t)+εd(t) ∥εd(t)∥ ≤ εd t > 0

Assumption 1: The lumped disturbance  is bounded and
the  majority  of  it  is  slowly-varying  component ,  i.e.,

,  over .  

D.  Measurement Noises

pm(t)
ωm(t)

pm(t) ωm(t)

Measurement noises may induce chattering of actuators and
even  cause  degeneration  of  attitude  control  performance.  In
practice,  attitude determination systems are  generally  applied
in  the  spacecraft  system  to  process  the  rough  attitude  and
angular velocity information from a series of sensors attached
to the spacecraft to handle the system errors. The amounts of
residual measurement noises in the obtained attitude  and
angular velocity  are depended on the quality of sensors
and  the  performance  of  attitude  determination  algorithm  [4],
[38]. For simplicity,  and  are expressed as
 

pm(t) = p(t)+ v1(t), ωm(t) = ω(t)+ v2(t) (11)
v1(t) v2(t)

pm(t) ωm(t)
where  and  denote the residual  measurement noises
in  and , respectively.

v1(t)
v2(t)

v1(t) v2(t)

Since  the  non-zero-mean  system  noises  in  the  obtained
attitude information can be estimated and compensated in the
attitude  determination  system,  the  residual  noises  and

 are  generally  zero-mean  stochastic  noise  with  limited
energy.  With  reference  to  [5],  it  is  reasonable  to  give  an
assumption for  and  as follows.

v1(t) v2(t)
||v1(t)|| ≤ δv1 ||v2(t)|| ≤ δv2 δv1

δv2

Assumption 2:  and  are bounded stochastic noises
with  zero  mean,  such  that , ,  and ,

 are positive constants.  

III.  Conventional ILO and EDO for Spacecraft
Disturbance Estimation

The observer structures and estimation performance of EDO
and  ILO  are  representative  in  the  field  of  anti-disturbance
control. Therefore, they are first reviewed in this section.  

A.  Design of EDO
For  EDO  design,  the  lumped  disturbance  is  approximated

by a time series expansion as follows [21], [22]:
  ḋi(t) = di+1(t) , i = 1,2, . . . ,r−1

ḋr(t) = d(t)r (12)

di (i−1)where  is  the th-order  time  derivative  of  the  lumped
disturbance.

Then, an rth-order EDO can be designed as
  ˙̂di(t) = d̂i+1(t)+ li[dm(t)− d̂1(t)], i = 1,2, . . . ,r−1

˙̂dr(t) = lr[dm(t)− d̂1(t)]
(13)

d̂i di dm(t)where  denotes  the  estimates  of ;  is  the  virtual
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lidisturbance  measurement;  is  the  observer  gain; r is  the
observer order.

It can be derived from (10) and (11) that
 

dm(t) = J0ω̇m(t)+ω×m(t)J0ωm(t)−uc(t). (14)
zi(t) = d̂i(t)− li J0ωm(t)

i = 1,2, . . . ,r
By  defining  auxiliary  variables ,

, (13) is rewritten as
 

żi(t) = zi+1(t)+(li+1− l1li)J0ωm(t)

+li[ωm(t)×J0ωm(t)−uc(t)− z1(t)], i=1,2, . . . ,r−1

żr(t) = lr[ω×m(t)J0ωm(t)−uc(t)− z1(t)− l1 J0ωm(t)].
(15)

ωm(t)

d̂1(t) = z1(t)+ l1 J0ωm(t)

Thus,  the  derivative  of  is  avoided  in  (15).
Accordingly,  the  disturbance  estimates  can  be  obtained  as

.
The  observer  gains  can  be  chosen  following  the  classical

bandwidth-parameterization method as follows [22], [39]:
 

li =Ci
rλ

i, i = 1,2, . . . ,r (16)
Ci

r = i!/r!(r− i)! λwhere ;  is the bandwidth of the observer.
Remark 3: EDO is a reduced-order disturbance observer in

which  the  disturbance  estimation  error  dynamics  are
decoupled from the system states [40]. EDO has been applied
to various engineering due to its simple observer structure and
convenient gain tuning.

Remark 4: However,  measurement  noise  is  not  considered
in the design of EDO. When large observer gains are chosen
for high-accuracy estimation, more measurement noise will be
included  in  the  disturbance  estimates.  Therefore,  EDO  is
sensitive to measurement noise.  

B.  Design of ILO
By including iterative learning structures in the observer,  a

typical  ILO  for  spacecraft  dynamics  is  designed  as  follows
[29]:
 J0

˙̂ω(t) = −ω̂(t)×J0ω̂(t)+uc(t)+ d̂(t)+ k0[ωm(t)− ω̂(t)]

d̂(t) = k1 d̂(t−τ)+ k2[ωm(t)− ω̂(t)]
(17)

ω̂(t) d̂(t) ω(t) d(t)
ki i = 0,1,2 τ

where  and  denote  the  estimate  of  and ,
respectively. ,  are observer gains to be chosen;  is
the  updating  interval  which  can  be  chosen  as  the  sampling-
time interval of the control system.

The  estimation  errors  are  bounded  if  the  observer
parameters are chosen as follows [29]:
 
ε1 = 2λmin(k0)−2η0−γ4−α2

[
1+ρ1+3

(
1
γ4

)]
||kT

2 k2|| > 0

ε2 kT
1 k1 ≤ I3

ε2 = α1

[
1+ρ1+3

(
1
γ4

)]
(18)

α1=γ1+γ2+1 α2= 1+γ3+1/γ1 γ1 γ2 γ3 γ4 ρ1 η0where , ; , , , , , and 
are positive constants.

ω×J0ω
||ω×J0ω− ω̂×J0ω̂|| ≤ η0||ω− ω̂||

η0 > 0

Remark 5: To facilitate ILO design for spacecraft system, an
assumption  was  given  for  the  nonlinear  term  that 
satisfies  for  some  known
positive scalar  with a sufficiently small sampling time,

ω(t)

d0(t)

when  is differentiable and its derivative is bounded [29],
[31].  It  is  noted  that  the  assumption  can  be  relaxed  with  the
help of the augmented state  in the design of the proposed
ILDO.  Thus,  the  conservativeness  of  stability  analysis  of
ILDO is reduced.

Remark 6: In ILO, both angular velocity and disturbance are
estimated.  However,  the  attitude  and  angular  velocity  of
spacecrafts are actually obtained by the attitude determination
system.  Thus,  the  estimation  of  angular  velocity  in  ILO  is
redundant. As shown in (18), the parameters of ILO should be
carefully  chosen  to  guarantee  the  stability  of  the  observer.
Nevertheless, the relation between the observer gains and the
estimation accuracy of ILO is not explicitly analyzed.
  

IV.  ILDO for Spacecraft Attitude Stabilization

To  avoid  the  problems  mentioned  above,  an  ILDO  for
spacecraft attitude stabilization is designed in this section.

By  taking  the  measurement  noise  into  consideration,  an
integral state is introduced in view of (14) as follows:
 

d0(t) = J0ωm(t)+
w t

0
[ω×m(υ)J0ωm(υ)−uc(υ)]dυ. (19)

dm(t) = ḋ0(t)
v(t) dm(t)

Then, the noise-polluted lumped disturbance is described as
. According to the expressions (10) and (19), the

measurement noise  in  can be expressed as
 

v(t) = dm(t)− d(t)

= J0ω̇m(t)+ω×m(t)J0ωm(t)− J0ω̇(t)−ω×(t)J0ω(t)

= J0v̇2(t)+ω×(t)J0v2(t)+v×2 (t)J0ω
×(t)+ v×2 (t)J0v2(t).

(20)
v2(t)

J0v̇2(t) v(t) v(t) =J0v̇2(t)+v3(t)

v3(t)
∥v3(t)∥ ≤ δv3 δv3

dm(t) = d(t)+ J0v̇2(t)+ v3(t)

Since the last  three terms of  (20) have lower order  of 
than ,  can  be  simplified  as .
Since  the  angular  velocity  of  the  spacecraft  is  bounded,  and

 is also bounded according to Assumption 2, it is assumed
that ,  is  a  positive  constant.  Then,  we  have

.
ḋ0(t)

ḋ0(t) = d1(t)+εd(t)+ J0v̇2(t)+v3(t) d1(t)
d(t) d1(t)

τ d1(t) = d1(t−τ)
τ

According  to  Assumption  1,  can  be  derived  as
, where  is the slowly-

varying  component  of .  Then,  we assume that  stays
constant  within  a  small  time  interval ,  i.e., ,
where  the  updating  interval  can  be  taken  as  the  sampling-
time  interval  or  as  an  integral  multiple  of  the  sampling-time
interval.  Therefore,  the  dynamic  model  of  the  lumped
disturbance can be given as
  ḋ0(t) = d1(t)+εd(t)+ J0v̇2(t)+v3(t)

d1(t) = d1(t−τ).
(21)

d1(t)
t−τ

d(t) εd(t)

It should be added that the second equation of (21) is based
on Assumption 1 that the slowly-varying disturbance  can
be  inherited  from  the  information  of  previous  time  at .
Actually,  it  may  introduce  model  error  for  describing  the
disturbance . The model error is included in .

d0(t)
ωm(t)

Since  can be obtained by using the measured velocity
,  it  can  be  viewed  as  the  virtual  measurement  of

disturbance  dynamics  (21).  Then,  the  ILDO can  be  designed
based on (21) as 
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 ˙̂d0(t) = d̂1(t)

d̂1(t) = d̂1(t−τ)+ l1[d0(t)− d̂0(t)]
(22)

d̂0(t) d̂1(t) d̂1(t−τ) d0(t)
d1(t) d1(t−τ) l1
where , ,  and  denote the estimates of ,

,  and ,  respectively;  is  the observer  gain to  be
selected.

d̃0(t)
d(t)

According  to  (22),  the  disturbance  estimation  is  driven  by
previous disturbance estimates and the estimation error .
Then,  disturbance  can be iteratively estimated.  Since the
disturbance  estimation  of  observer  (22)  is  facilitated  by
learning  from  previous  iterations,  it  is  termed  as  an  iterative
learning disturbance observer in this paper.

u(t,k) = Q[u(t,k−1)]+Le(t,k−1)

d̂1(t)
u(t,k) d0(t) d̂0(t)

d̂1(t) = d̂1(t−τ)+ l1(d0− d̂0)

Remark  7: The  designed  ILDO  origins  from  the  iterative
learning  control  (ILC)  scheme.  In  the  concept  of  ILC,  a
general  control  law  is
designed to track a specific reference, where Q and L are the
Q-filter and the L-filter, respectively [41]. Similar to ILC, the
ILDO  in  (22)  makes  use  of  the  information  in  the  previous
disturbance estimates. Actually,  in ILDO acts as the role
of  in  the  ILC schemes.  Then,  is  tracked  by 
under the estimation law .

d̃0(t) d̃1(t) d̃1(t−τ)
d0(t) d1(t) d1(t−τ)

The estimation performance of ILDO (22) can be evaluated
by  its  error  dynamics.  Thus,  we  subtract  (22)  from  (21)  and
define , ,  and  as  the  estimation  errors  of

, , and , respectively. Then, we have
  ˙̃d0(t) = d̃1(t)+ J0v̇2(t)+v3(t)+εd(t)

d̃1(t) = d̃1(t−τ)− l1 d̃0(t).
(23)

v4(t)
To  analyze  convergence  of  the  error  dynamics  (23),  an

auxiliary variable  is defined as follows:
  v4(t) = v4(t−τ)− l1 J0v2(t), t ≥ τ

v4(t) = 0, 0 ≤ t < τ.
(24)

v4(t)
l1 J0v2(t) v2(t)

v4(t) ||v4(t)|| ≤ δv4 δv4

It can be derived from (24) that  is the accumulation of
.  The  integral  of  is  bounded  since  it  is  a  zero-

mean stochastic noise according to Assumption 2. Then, it can
be assumed that  is bounded, i.e., , where 
is a positive constant.

Substituting (24) into (23) gives
  ˙̃d0(t)− J0v̇2(t) = d̃1(t)+ v3(t)+εd(t)

d̃1(t)− v4(t) = d̃1(t−τ)− v4(t−τ)− l1[d̃0(t)− J0v2(t)].
(25)

x1(t) = d̃0(t)− J0v2(t) x2(t) = d̃1(t)−
v4(t)

Then,  by  defining  and 
, (25) can be transformed as

  ẋ1(t) = x2(t)+v3(t)+ v4(t)+εd(t)
x2(t) = x2(t−τ)− l1x1(t).

(26)

V1 = l1xT
1 (t)x1(t)+

r t
t−τ xT

2 (υ)x2(υ)dυ

Thus,  the  convergence  of  error  dynamics  (23)  can  be
obtained  by  analyzing  (26).  We  consider  a  Lyapunov
candidate  following [31]
and [42]. Then, the derivative of V1 along (26) is derived as
 

V̇1 = 2l1xT
1 (t)ẋ1(t)+ xT

2 (t)x2(t)− xT
2 (t−τ)x2(t−τ)

= 2l1xT
1 (t)[x2(t)+ v3(t)+ v4(t)+εd(t)]+ xT

2 (t)x2(t)

− [x2(t)+ l1x1(t)]T [x2(t)+ l1x1(t)]

= − l12xT
1 (t)x1(t)+2l1xT

1 (t)[v3(t)+ v4(t)+εd(t)]. (27)

In view of Assumptions 1–2, (27) can be enlarged as
 

V̇1 ≤ −l12||x1(t)||2+2l1(εd +δv3+δv4)||x1(t)||. (28)

x1(t) Ω1 =
{

x1|||x1|| ≥ 2(εd +δv3+δv4)/l1
}

V̇1 ≤ 0 x2(t)
x1(t)

x2(t) d̃0(t) d̃1(t)

Ω1
l1

If  lies in the set ,
then . The decrease of V1 will also drive  converge
to  a  bounded  set.  According  to  the  definitions  of  and

,  it  is  easy  to  know  that  both  and  are  also
bounded.  Additionally,  the  effects  of  the  model  error  and
measurement noises on the bound of  can be suppressed by
choosing the observer gain  properly.

Remark 8: Compared with conventional  ILO, the proposed
ILDO has simpler structure and fewer parameters. It is explicit
in  concept  and  relatively  easy  to  apply.  The  disturbance
estimation  error  dynamics  is  decoupled  from  the  system
states. Also, the spacecraft angular velocity is not redundantly
estimated.  

V.  Comparison of ILDO, EDO, and ILO

The  frequency-domain  characteristic  reveals  the  feature  of
disturbance  observer  in  the  presence  of  disturbances  and
measurement  noises  that  composed  of  various  frequency
components [21]. Thus, ILDO, EDO, and ILO are analyzed in
frequency domain by the estimation error transfer functions as
follows.  

A.  Estimation Error Transfer Function of ILDO

d̃(t) = d(t)− d̂1(t) d̃(t)
The  disturbance  estimation  error  of  ILDO  is  given  by

. Then, taking the derivative of  yields
 

˙̃d(t) = ḋ(t)− ˙̂d1(t). (29)
By substituting (22) and (23) into (29), the estimation error

dynamics of ILDO can be given by
 

˙̃d(t) = ḋ(t)− ˙̂d1(t−τ)− l1 ˙̃d0(t)

= ḋ(t)− ḋ(t−τ)+ ḋ(t−τ)− ˙̂d1(t−τ)
− l1[d̃1(t)+εd(t)+ J0v̇2(t)+v3(t)]

= ḋ(t)− ḋ(t−τ)+ ˙̃d(t−τ)− l1[d̃(t)+ J0v̇2(t)+v3(t)]. (30)
Taking  Laplace  transform  of  (30)  under  zero  initial

conditions and rearranging, we have
 

d̃(s) =
s− se−τs

s− se−τs+ l1
d(s)− l1s

s− se−τs+ l1
J0v2(s)

− l1
s− se−τs+ l1

v3(s). (31)

d(t)
J0v2(t) v3(t) d̃(t)

According  to  (31),  we  define  transfer  functions  from ,
 and  to  as

 

Gd_ILDO(s) =
s− se−τs

s− se−τs+ l1

Gv2_ILDO(s) =
l1s

s− se−τs+ l1

Gv3_ILDO(s) =
l1

s− se−τs+ l1
.

(32)

Gd_ILDO(s) Gv2_ILDO(s) Gv3_ILDO(s)∣∣∣Gd_ILDO( jω)
∣∣∣ ∣∣∣Gv2_ILDO( jω)

∣∣∣ ∣∣∣Gv3_ILDO( jω)
∣∣∣

d̃( jω)

The  amplitude-frequency  characteristics  of  transfer
functions , ,  and  are  deno-
ted as , , and , resp-
ectively. Thereafter, the upper bound of  can be derived
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∥∥∥d̃( jω)
∥∥∥ ≤ ∣∣∣Gd_ILDO( jω)

∣∣∣∥d( jω)∥+
∣∣∣Gv2_ILDO( jω)

∣∣∣
×∥J0v2( jω)∥+

∣∣∣Gv3_ILDO( jω)
∣∣∣∥v3( jω)∥

d(t) J0v2(t) v3(t)∣∣∣Gd_ILDO( jω)
∣∣∣ ∣∣∣Gv2_ILDO( jω)

∣∣∣ ∣∣∣Gv3_ILDO( jω)
∣∣∣∣∣∣Gd_ILDO( jω)

∣∣∣ ||d̃( jω)||

∣∣∣Gv2_ILDO( jω)
∣∣∣∣∣∣Gv3_ILDO( jω)

∣∣∣

from (31) as 
.  Thus,  the  disturbance

estimation  error  results  from , ,  and  can  be
evaluated by , , and ,
respectively. The smaller  is, the smaller 
can  be.  Thus,  higher  disturbance  estimation  accuracy  can  be
achieved.  Similarly,  the  measurement  noise  attenuation
performance of  ILDO can be assessed by  and

.

ω =
√

l1/τ √
l1/τ

In view of the transfer functions in (32), there are resonance
peaks  of  their  amplitude-frequency  characteristics  at
frequency . For the convenience of observer design
and  analysis,  the  turnover  frequency  is  viewed  as  the
bandwidth  of  ILDO.  Thus,  gain  tuning  of  the  ILDO  can  be
simplified as choosing a proper observer bandwidth following
the  classical  bandwidth-parameterization  based  observer
tuning  method  [39].  It  has  been  proven  that  time-varying
disturbance can be accurately estimated by the observer when
the  observer  bandwidth  is  much  larger  than  the  frequency
component  of  the  disturbance  [43].  Hence,  the  bandwidth  of
ILDO can be  chosen according to  the  frequency components
of the disturbances to be estimated to guarantee the estimation
accuracy.  Besides,  it  should  be  mentioned  that  the  observer
gain is also limited by the load capability of the system.  

B.  Estimation Error Transfer Function of EDO
Similarly,  according  to  (12)  and  (15),  the  estimation  error

dynamics of a 2nd-order EDO (2nd-EDO) is derived as
  ˙̃d1(t) = d̃2(t)− l1[d̃1(t)+ J0v̇2(t)+v3(t)]

˙̃d2(t) = d̈(t)− l2[d̃1(t)+ J0v̇2(t)+v3(t)]
(33)

d̃1(t) d̃2(t) d1(t)
d2(t)
where  and  denote the estimation errors of  and

, respectively.
Taking  the  Laplace  transform  of  (33)  under  zero  initial

conditions gives
 

d̃(s) =
s2

s2+ l1s+ l2
d(s)− l1s2+ l2s

s2+ l1s+ l2
J0v2(s)

− l1s+ l2
s2+ l1s+ l2

v3(s). (34)

Then,  the  disturbance  estimation  error  of  2nd-EDO can  be
evaluated by following transfer functions:
 

Gd_EDO(s) =
s2

s2+ l1s+ l2

Gv2_EDO(s) =
l1s2+ l2s

s2+ l1s+ l2

Gv3_EDO(s) =
l1s+ l2

s2+ l1s+ l2
.

(35)

  

C.  Estimation Error Transfer Function of ILO
To  analyze  conventional  ILO  under  the  same  conditions,

ILO (17) is redesigned as
  ˙̂ω(t)=J−1

0 [−ω̂(t)×J0ω̂(t)+uc(t)+ d̂(t)]+ l2[ωm(t)− ω̂(t)]

d̂(t)=k1 d̂(t−τ)+ l1 J0[ωm(t)− ω̂(t)].
(36)

Subtracting (36) from (10) gives 

˙̃ω(t) = J−1
0 [ω̂(t)×J0ω̂(t)−ω(t)×J0ω(t)+ d̃(t)]−l2[ωm(t)−ω̂(t)].

(37)
Also, it can be obtained according to (36) that

 

˙̃d(t) = ḋ(t)− k1 ḋ(t−τ)+ k1
˙̃d(t−τ)− l1 J0[ω̇(t)− ˙̂ω(t)+ v̇2(t)].

(38)

d̃(t) ω̃(t)
In  view  of  (37)  and  (38),  the  disturbance  estimation  error

 is  coupled  with  the  estimation  error  in  ILO.  As  a
result,  the  disturbance  estimation  accuracy  of  ILO  is  lower
than ILDO.

v5(t) = J0v̇2(t)+(1− l2e−l2t)[ω̂×(t)J0ω̂(t)−
ω×(t)J0ω(t)− l2 J0v2(t)] v2(t)

J0v̇2(t)
v5(t) v(t)

v5(t) v(t)
v∗3(t) =

(1− l2e−l2t)[ω̂×(t)J0ω̂(t)−ω×(t)J0ω(t)− l2 J0v2(t)]
v∗3(t)

v3(t) l2
v∗3(t) v3(t)

Then,  we  define 
.  Due  to  the  differential  of ,  the

first  term  is  several  orders  of  magnitude  larger  than
the  rest  terms  in  and .  Thus,  it  can  be  assumed  th-
at  in  ILO  is  approximately  equal  to  in  ILDO  and
EDO.  For  the  simplicity  of  description,  we  define 

.  In  steady
state,  has  the  same  order  of  magnitude  compared  with

 when  is  a  small  value.  Thus,  the  estimation  error
transfer functions related to  and  are compared in the
following subsection.

Substituting (37) into (38) and taking Laplace transform of
(38) gives
 

d̃(s) =
(s+ l2)(1− k1e−τs)

(s+ l2)(1− k1e−τs)+ l1
d(s)

− l1s(s+ l2)
(s+ l2)(s− sk1e−τs)+ l1s

J0v2(s)

− l1(s+ l2)
(s+ l2)(s− sk1e−τs)+ l1s

v∗3(s). (39)

Then,  the  disturbance  estimation  error  of  ILO  can  be
evaluated by the following transfer functions:
 

Gd_ILO(s) =
(s+ l2)(1− k1e−τs)

(s+ l2)(1− k1e−τs)+ l1

Gv2_ILO(s) =
l1s(s+ l2)

(s+ l2)(s− sk1e−τs)+ l1s

Gv3∗_ILO(s) =
l1(s+ l2)

(s+ l2)(s− sk1e−τs)+ l1s
.

(40)

ω =
√

l1/τ

Since  the  resonance  peaks  of  the  amplitude-frequency
characteristics of transfer functions in (40) are similar to that
of ILDO,  is also viewed as the bandwidth of ILO.  

D.  Frequency Characteristic Comparison

l1 = 1
τ = 0.01 s l1 = 20
l2 = 100 k1 = 0.98
l1 = 1 l2 = 0.01 τ = 0.01 s

To  guarantee  the  fairness  of  comparison,  the  observer
parameters are chosen under the same criterion with respect to
the  observer  bandwidths.  According  to  (32),  (35),  and  (40),
the  amplitude-frequency  characteristics  of  EDO,  ILO,  and
ILDO  with  bandwidth  10  rad/s  are  given  in Fig. 1.  Speci-
fically,  the  parameters  of  ILDO  are  selected  as  and

; the parameters of EDO are selected as  and
;  the  parameters  of  ILO  are  selected  as ,

, , and .
ω << ω0

20lg |Gd_ILDO( jω)| 20lg |Gd_EDO( jω)| 20lg |Gd_ILO( jω)|
ω << ω0

It  is  demonstrated  that  when ,  the  slopes  of
, ,  and 

for  are  approximately  40  dB/dec,  40  dB/dec,  and
20  dB/dec,  respectively.  For  disturbance  whose  frequency
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|Gd_ILDO( jω)| |Gd_EDO( jω)|
|Gd_ILO( jω)|

d̃(t)

ω0 << ω ≤ 2π/τ
20lg |Gv2_ILDO( jω)| 20lg |Gv2_ILO( jω)|

20lg |Gv2_EDO( jω)| 20lg |Gv3_ILDO( jω)|
20lg |Gv3∗_ILO( jω)| 20lg |Gv3_EDO( jω)|

J0v2(t)
v3(t)

component is  smaller  than the observer bandwidth,  it  easy to
have  that  and  is  smaller  than

.  It  indicates  that  ILDO  and  EDO  have  stronger
capability in suppressing the effect of unmodeled disturbance
dynamics  on  the  estimation  error .  Therefore,  it  can  be
concluded  that  the  disturbance  estimation  accuracy  ILDO  is
similar to EDO, and is improved compared with ILO. On the
other hand, at the frequency of , the amplitude
of  and  are smaller than

. Also, the amplitude of 
and  are smaller than . It
indicates  that  the  effects  of  measurement  noise  and

 on  the  disturbance  estimation  are  better  suppressed  by
ILDO and ILO than EDO. As a result, the proposed ILDO is
less  sensitive  to  measurement  noise.  In  conclusion,  ILDO
combines  not  only  the  advantage  of  EDO  on  high  accuracy
disturbance  estimation,  but  also  the  advantage  of  ILO  on
robustness to measurement noise.

ω0

Remark  9: It  should  be  noted  that  ILDO  and  ILO  are
sensitive  to  measurement  noise  at  frequency .  Hence,  the
observer  bandwidth  should  be  carefully  adjusted  when
measurement  noise  of  this  frequency  is  significant. Q-filter
suggested  in  iterative  control  scheme  can  also  be  utilized  to
improve  the  robustness  of  ILDO  [41].  Besides,  when  the
frequency  of  disturbance  is  relatively  high,  the  estimation
accuracy  of  ILDO  can  be  further  improved  by  choosing  a
larger bandwidth or increasing the observer order.  

VI.  ILDO Based Composite Controller

To stabilize  the  spacecraft  attitude  system,  an  ILDO based

composite  controller  (ILDOBC)  is  constructed  following
backstepping approach in this section. The schematic diagram
of ILDOBC is given in Fig. 2.
 

Feedback
controller Actuators Spacecraft

dynamics

ILDO
Measurement

noise

Faults

Zero
attitude

uc

d̂1

ILDO based composite
controller q

ωm

ω

Attitude
sensors

Attitude
determination

pm

Disturbances

 
Fig. 2.     Schematic diagram of ILDO based attitude control system.
 

V2= 2ln(1+pT p)+(ω+ c1 p)T

J0(ω+ c1 p)/2+V1 c1 > 0
ω̃ = ω+c1 p

V2

For simplicity, (t) is omitted in the following derivations. We
consider  a  Lyapunov  candidate 

,  where  is  the  controller  gain  to  be
selected.  Then,  by  defining  and  taking  the
derivative of  along system (10), we have
 

V̇2 =
4pT ṗ

1+ pT p
+ ω̃T ˙̃ω+ V̇1

= pTω+ ω̃T (J0ω̇+ c1 J0 ṗ)+V̇1

= pT (ω̃− c1 p)+ ω̃T (J0ω̇+ c1 J0 ṗ)+V̇1

= − c1 pT p+ ω̃T [J0ω̇+ p+ c1 J0F(p)ω]+ V̇1. (41)
Then, the control law can be designed as

 

uc =ω
×
m J0ωm− pm−c1 J0F(pm)ωm−c2(ωm+c1 pm)− d̂1 (42)

ω×m J0ωm− pm− c1 J0F(pm)ωm− c2(ωm+ c1 pm)

d̂1
c2 > 0

where  is  the
feedback  controller  where  the  known  nonlinear  terms  are
compensated  by  utilizing  the  measured  attitude  and  angular
velocity  information  and  the  attitude  is  stabilized  by  an
benchmark  control  law  [2].  The  adverse  effects  of  the
complex  disturbances  and  vibrations  are  compensated  by
utilizing  the  disturbance  estimates  from  observer  (22).

 is the controller gain.
v f (t) = J0F(p)ω− J0F(pm)ωm ω(t)

p(t)

F(p) F(pm) F(p)ω F(pm)ωm
v f (t)

It is defined that . Since 
and  are  continuous  bounded  during  the  attitude
stabilization,  and  the  noises  in  the  measured  attitude
information are also bounded in view of Assumption 2, it can
be  derived  that , , ,  are  bounded.
Thus,  is  can  be  assumed  that  is  bounded.  Then,
substituting (28) and (42) into (41) gives
 

V̇2 = − c1 pT p+ ω̃T [−c2ω̃+ d̃+ v3+ v1

+ c1v f − c2(v2+ c1v1)]+ V̇1

≤ − c1∥p∥2− c2∥ω̃∥2+ ∥ω̃∥
(∥∥∥d̃+ v3+ v1

∥∥∥
+ c1||v f ||+ c2 ∥v2+ c1v1∥

)
− l12∥x1∥2+2l1(εd +δv3+δv4)∥x1∥ . (43)

v1(t)
v2(t) v3(t) d̃(t)
d̃(t)+ v3(t)+ v1(t) v f (t) v2(t)+ c1v1(t)

σ1 σ2 σ3
σ4 σ4 = εd +δv3+

δv4 σ1 σ2 σ3 σ4

According  to  Assumption  2  and  (28),  we  know  that ,
, ,  and  are  bounded.  Considering  that

, ,  and  are  bounded  and
their  upper  bounds  are  assumed  as , ,  and ,
respectively.  For  simplicity,  is  defined  as 

.  Since , , ,  and  are positive constants, (43) can
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Fig. 1.     Amplitude-frequency characteristics of EDO, ILO, and ILDO.
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be further enlarged as
 

V̇2 ≤ − c1∥p∥2− c2∥ω̃∥2+ ∥ω̃∥ (σ1+ c1σ2+ c2σ3)

− l12∥x1∥2+2l1σ4 ∥x1∥ . (44)
σ5=σ1/c2+c1σ2/c2+σ3By defining , (44) is rewritten as

 

V̇2 ≤ −c1∥p∥2− c2
(
∥ω̃∥− σ5

2

)2
+

c2σ
2
5

4
− l21

(
∥x1∥−

σ4

l1

)2
+σ2

4.

(45)
Ω2 =

{
(p, ω̃, x1)|c1×

∥p∥2+ c2(∥ω̃∥−σ5/2)2+ l21(∥x1∥−σ4/l1)2≥c2σ
2
5/4+σ

2
4
}

V̇2 ≤
0 V2 p(t) ω̃(t) x1(t)

ω(t) = ω̃(t)− c1 p(t) ω(t)

Ω2

If  all  the  state  variables  locate  in  the  set 
, 

.  The  decrease  of  will  drive , ,  and  into  a
bounded  region.  Since ,  is  also
bounded. Therefore, the stabilization of spacecraft attitude can
be  achieved.  The  bound  of  region  is  determined  by  the
controller  and  observer  gains,  and  also  the  upper  bounds  of
disturbance estimation error and measurement noises included
in the controller. It can be decreased by choosing gains c1, c2,
and l1 appropriately.  Besides,  the  convergence  process  of
spacecraft attitude can be the accelerated by increasing c1 and
c2. However, too large controller gains may affect the stability
of the control system and increase the effects of noises.

Remark  10: Spacecraft  attitude  stabilization  is  affected  by
complex disturbances and measurement noises. In DOBC, by
utilizing  ILDO,  most  disturbances  are  compensated  and  less
measurement  noise  from  disturbance  estimates  is  imported
into the controller. Thus, the attitude stabilization performance
of the spacecraft can be improved.  

VII.  Simulation Results

To  verify  the  effectiveness  of  the  proposed  ILDO  based
composite  controller  (ILDOBC),  numerically  simulations  for
a  flexible  spacecraft  are  conducted.  For  the  comparison
purpose, simulations of the feedback controller in (42) without
disturbance  observer  (DO),  EDO  based  composite  controller
(EDOBC)  and  ILO  based  composite  controller  (ILOBC)  are
also carried out.

Similar  to  [22],  the  known  inertia  matrix  and  coupling
matrix of the spacecraft are assumed as

J0 =

 350 3 4
3 280 10
4 10 190

 kg ·m2     and

δ =

 6.45637 1.27815 2.15629
−1.25819 0.91756 −1.67264
1.11687 2.48901 −0.83674

 kg1/2 ·m2/s2

Je(t) = diag
[60,40,20][1+ e−0.01t +2h(t−40)−4h(t−60)] kg ·m2

h(t < 0) = 0 h(t ≥ 0) = 1
[ζ1, ζ2, ζ3] = [0.7681,1.1038,1.8733]

ξ1=0.0336 ξ2=0.0516
ξ3=0.078
p(0) = [0.2,−0.1,−0.3]T ω(0) = [0,0,0]T

6×10−5 2×10−4

    .  The

inertia uncertainty of the spacecraft is assumed as 
,  where

,  and .  The  natural  frequencies  are
assumed  as  rad/s.  The
damping  ratios  are  assumed  as , ,

.  The  initial  attitude  orientation  is  assumed  to  be
 with  deg/s.  Three-

dimensional  white  noise  vectors  with  standard  deviation  of
 deg/s and  deg/s are included in the obtained

angular velocities and Euler angles, respectively.
de(t)The  external  disturbance  in  spacecraft  system  is

assumed as

de(t)=


dϕ = 0.002[cos(0.03t)+2sin(0.06t)+1] N ·m
dθ = 0.002[−sin(0.03t)+2cos(0.06t)+1] N ·m
dψ = 0.002[cos(0.03t)−2cos(0.06t)−1] N ·m.

    

u f (t)The parameters of actuator faults  are assumed as
eϕ(t) = 1, ūcφ = 0, 0 ≤ t < 20
eϕ(t) = 0.7, ūcφ = 0, 20 ≤ t < 30
eϕ(t) = 1, ūcφ = 0, t ≥ 30

      

and
eθ(t) = 1, ūcθ = −0.005, t ≥ 0 eψ(t) = 1, ūcψ = 0, 0 ≤ t < 80
eψ(t) = 0.8, ūcψ = 0, t ≥ 80.

    

λ =
√

l1/τ = 10

Considering  that  the  major  frequency  components  of  the
aforementioned  disturbances  are  smaller  than  2  rad/s,  the
bandwidths of disturbance observers are all chosen as 10 rad/s.
The  same  feedback  controller  gains c1 and c2 are  chosen  to
stabilize  the  system.  Then,  the  controllers  can  be  compared
under  the  same  criteria.  In Table I,  the  gains  of  EDO  are
chosen following (16).  The parameters of ILO and ILDO are
chosen by designing the bandwidths as  rad/s.
The iterative interval is chosen as 0.01 s considering the sam-
ple frequency of system.
 

TABLE I 

Parameters of Observers and Controllers

Controllers c1 c2 τ l1 l2 k1

Feedback controller without DO 0.3 15 – – – –

EDOBC 0.3 15 – 20 100 –

ILOBC 0.3 15 0.01 s 1 0.01 0.98

ILDOBC 0.3 15 0.01 s 1 – –

 
 

Ω(t) = [ϕ,θ,ψ]T

The attitude stabilization precision of the spacecraft consists
of  two  aspects,  i.e.,  the  attitude  pointing  accuracy  and  the
attitude control stability. They can be evaluated by the control
accuracy  of  the  Euler  angles  and  angular  velocities  of  the
spacecraft  respectively.  In Figs. 3–8,  system responses  under
four  controllers  in Table I are  presented.  The  spacecraft
attitude  is  described  in  the  form  of  Euler  angle

 instead  of  MRP  in Fig. 3.  In Fig. 4,  the
responses of  the spacecraft  angular  velocity are presented.  In
Figs. 5 and 6,  the disturbance estimates and estimation errors
are given. The applied control torques are presented in Fig. 7.
The modal  coordinates  of  the flexible  vibrations are given in
Fig. 8.

Ω(t) ω(t) d̃(t)
uv(t)

In Table II, standard deviation (STD) of , , and 
are given. Also, the root mean square error (RMS) of  is
presented for denoting the chattering of control torque results
from  measurement  noises.  They  are  calculated  using  the
trajectories in steady state.

As  shown  in Figs. 3 and 4,  the  attitude  of  the  flexible
spacecraft converges to a small bounded neighborhood of zero
under  the  abovementioned  controllers  in Table I.  However,
the  Euler  angles  and  angular  velocities  of  the  spacecraft  in
steady-state  under  the  feedback  controller  without  DO  are
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within  0.64  deg/s  and  0.018  deg/s,  respectively.  Apparently,
complex  disturbances  in  the  system  significantly  reduce  the
spacecraft attitude stabilization precision. It is difficult to meet
the  demand of  high-precision  space  missions  by  the  nominal
feedback controller.

In  contrast,  the  attitude  stabilization  precision  is  signifi-
cantly improved by the observer based controllers when their
transient  performance  is  almost  the  same  to  the  feedback
controller without DO. As shown in Fig. 3, the Euler angles of
the  spacecraft  in  steady-state  under  EDOBC,  ILOBC,  and

ILDOBC  are  within  1.11×10–5 deg,  4.33×10–4 deg,  and
1.11×10–5 deg,  respectively.  The  effects  of  complex  disturb-
ances  are  significantly  reduced.  By  combining  disturbance
observers  with the feedback controllers,  improved robustness
with respect to complex disturbances can be obtained without
affecting the nominal performance of the feedback controller.

More  specifically,  the  control  accuracy  of  Euler  angles
under  ILDOBC  and  EDOBC  is  improved  compared  with
ILOBC. As shown in Table II, the STD of Euler angles under
ILDOBC  and  EDOBC  are  two  orders  of  magnitude  smaller
than  ILOBC.  Since  complex  disturbances  and  uncertainties
are  the  main  reasons  that  cause  attitude  control  performance
reduction,  it  can  be  concluded  that  that  the  disturbance
attenuation performance of the designed ILDOBC is desirable.
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Fig. 3.     Trajectories  of  the  spacecraft  Euler  angles  under  the  feedback
controller without DO, EDOBC, ILOBC, and ILDOBC.
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Fig. 4.     Trajectories  of  the  spacecraft  angular  velocity  under  the  feedback
controller without DO, EDOBC, ILOBC, and ILDOBC.
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Fig. 5.     Disturbance estimates of EDO, ILO, and ILDO.
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Fig. 6.     Disturbance estimation errors of EDO, ILO, and ILDO.
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In  addition,  improved  control  accuracy  of  the  spacecraft
angular  velocities  can  be  obtained  by  the  designed  ILDOBC
compared  with  the  other  controllers.  As  shown in Fig. 4,  the
angular  velocities  of  the  spacecraft  in  steady-state  under
EDOBC,  ILOBC,  and  ILDOBC  are  within  1.95×10–5 deg/s,
2.34×10–5 deg/s,  and  2.89×10–6 deg/s,  respectively.  Speci-
fically,  the  angular  velocities  under  EDOBC  are  affected  by
heavier  noises.  Though  the  angular  velocities  of  ILOBC
contain  less  noise,  they  are  still  affected  by  the

uncompensated  disturbances  in  the  system.  Thus,  it  can  be
concluded  that  the  designed  ILDOBC  shows  not  only
improved  disturbance  attenuation  performance  but  also
adequate robustness to measurement noises.

d̃(t)

Since  same  feedback  controllers  are  utilized  in  the
composite controllers, the difference of attitude control mainly
results  from  the  estimation  performance  of  EDO,  ILO,  and
ILDO. As shown in Fig. 5, the disturbance estimates of EDO
are  significantly  polluted  by  the  measurement  noises,  while
the  disturbance  estimates  of  ILO  and  ILDO  contains  much
less  measurement  noises.  In Fig. 8,  the  corresponding
disturbance  estimation  errors  are  given.  The  estimation  error
of EDO is within 3.25×10–2 N·m, while the disturbance estima-
tion  errors  of  ILDO  and  ILO  are  within  8.75×10–4 N·m.  As
shown in Table II, the STD of  under EDO is more than an
order  of  magnitude  larger  than  ILDO  and  ILO.  It  indicates
that EDO is more sensitive to measurement noise.

It  must be mentioned that  the disturbance estimation errors
of  ILO  and  ILDO  are  relatively  small  values  that  are  easily
submerged  by  the  measurement  noise.  Actually,  the
disturbance  estimation  accuracy  of  ILDO  is  improved
compared with ILO. It can be revealed by the control accuracy
of  Euler  angles  depicted  in Fig. 3.  The  reason  is  that  the
spacecraft  Euler  angles  is  significantly  affected  by  the
uncompensated  disturbances  within  the  control  bandwidth
rather  than  the  noise  with  relatively  high  frequency
components. As a result, the STD of Euler angles of ILOBC is
larger than EDOBC.

The  noise  included  in  the  disturbance  estimates  of  EDO is
imported  into  the  attitude  controller.  It  causes  control
performance  reduction  of  the  spacecraft  angular  velocity  and
control torques chattering. This can be observed in Figs. 4 and 7.
However,  due  to  the  robustness  of  ILDO  to  measurement
noise, the STD of ω under ILDOBC is reduced about an order
of  magnitude  compared  to  that  under  EDOBC  as  shown  in
Table II.  Moreover,  as  shown  in Fig. 7 and Table II,  the
control  torques  of  ILDOBC  shows  more  chattering  than  that
of  and  EDOBC.  This  implies  that  ILDOBC  can  reject

 

TABLE II 

Control Performance

Parameters
Feedback
controller

without DO
EDOBC ILOBC ILDOBC

Ω(S T D)

ϕ  (deg) 0.153 4.88×10–6 1.47×10–4 4.88×10–6

θ (deg) 0.171 4.82×10–6 1.70×10–4 4.83×10–6

ψ (deg) 0.240 6.90×10–6 2.47×10–4 6.90×10–6

ω(S T D)

ωϕ (deg/s) 7.32×10–3 5.85×10–6 8.83×10–6 8.22×10–7

ωθ  (deg/s) 8.26×10–3 5.22×10–6 9.77×10–6 6.47×10–7

ωψ  (deg/s) 1.25×10–2 4.46×10–6 1.42×10–5 6.95×10–7

d̃(S T D)

d̃ϕ  (N·m) – 9.81×10–3 2.52×10–4 2.53×10–4

d̃θ (N·m) – 7.06×10–3 1.74×10–4 1.74×10–4

d̃ψ (N·m) – 4.17×10–3 9.47×10–5 9.43×10–5

uv(RMS )
uvϕ (N·m) 7.69×10–5 8.38×10–3 2.75×10–4 2.75×10–4

uvθ  (N·m) 1.15×10–4 1.10×10–2 3.76×10–4 3.75×10–4

uvψ  (N·m) 8.37×10–5 6.10×10–3 2.30×10–4 2.29×10–4
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Fig. 7.     Control  torques  of  the  feedback  controller  without  DO,  EDOBC,
ILOBC, and ILDOBC.
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Fig. 8.     Modal coordinates of the flexible vibrations.
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disturbances with smooth respond and consuming less energy.
It  is  noted  that  the  effect  of  the  flexible  vibrations  is

compensated  by  the  disturbance  observers  as  a  part  of  the
lumped  disturbances  for  improving  the  attitude  control
precision.  As  shown  in Fig. 8,  the  flexible  vibrations
themselves  are  attenuated  passively  by  the  damping  of  the
spacecraft  in  the observer  based control  scheme.  However,  it
can be seen that there are residual flexible vibrations under the
feedback controller without DO. The reason is that the angular
velocity vibrations in the steady state would induce vibrations
of  flexible  appendages  persistently.  In  contrast,  the  flexible
modals  will  converge  to  a  smaller  area  ultimately  under  the
observer  based  controller  due  to  the  improved  control
accuracy of the angular velocity.

In  conclusion,  it  is  verified  that  the  designed  ILDO
combines the advantages of  EDO in estimation accuracy and
ILO  in  noise  robustness.  Thus,  high-precision  attitude
stabilization of the flexible spacecraft can be achieved by the
designed  ILDOBC  in  the  presence  of  complex  disturbances
and measurement noises.  

VIII.  Conclusions

In this study, a novel ILDO with high-accuracy disturbance
estimation  and  favorable  robustness  to  measurement  noise  is
designed and analyzed.  A convenient  gain tuning method for
ILDO  is  given.  To  verify  its  effectiveness,  the  ILDO  based
composite controller is applied to the attitude stabilization of a
flexible  spacecraft  in  the  presence  of  environmental
disturbances,  spacecraft  inertia  uncertainties,  actuator  faults,
and  measurement  noises.  Numerical  simulation  results  show
that  high  performance  disturbance  estimates  can  be  obtained
and high-precision attitude stabilization of flexible spacecrafts
can  be  achieved.  In  our  future  research,  certain Q filters  that
are  utilized  in  traditional  ILC  scheme  can  be  combined  with
the designed ILDO for improving the estimation performance.
Besides,  the  designed  ILDO  can  be  extended  in  the  form  of
series  or  parallel  configurations,  and  by  introducing  sliding
mode correction terms for improving the estimation ability for
fast-varying disturbances.
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