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Abstract: For the problem of sensor faults and actuator faults in
aircraft attitude control, this paper proposes a fault tolerant con-
trol (FTC) scheme based on extended state observer (ESO) and
nonlinear dynamic inversion (NDI). First, two ESOs are designed
to  estimate  sensor  faults  and  actuator  faults  respectively.
Second, the angular rate signal is reconstructed according to the
estimation of sensor faults. Third, in angular rate loop, NDI is de-
signed based on  reconstruction  of  angular  rate  signals  and es-
timation of actuator faults. The FTC scheme proposed in this pa-
per  is  testified through numerical  simulations.  The results  show
that it is feasible and has good fault tolerant ability.
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1. Introduction
To  ensure  flight  safety  of  civil  aircrafts,  fault  tolerant
control  (FTC) are designed to handle faults  of  important
sensors  and  actuators.  Typical  researches  on  actuator
FTC are conducted [1−9]. Alwi et al. used a sliding mode
observer (SMO) to estimate actuator fault [1,2], and Quan
applied this method on flight control [3], but this method
was  only  suitable  for  systems  with  linear  observable
terms.  Lu  et  al.  proposed  an  incremental  nonlinear  dy-
namic  inversion  (NDI)  control  to  realize  fault  tole-
rant trajectory tracking [4], and Cheng et al. combined in-
cremental NDI with neural network to deal with actuator
fault and pilot mishandling simultaneously [5]. However,
this  method  had  heavy  work  load  on  parameter  adjust-
ment. Lee et al. used an unknown input observer to detect actua-
tor fault [6], but this method was also based on the linea-
rized  system.  Yu  et  al.  combined  fuzzy  neural  networks

and  sliding  mode  controller  to  realize  the  FTC  [7],  but
this  method  involved  complex  calculation.  Wang  et  al.
used  stable  inversion  on  fault  tolerant  auto  landing  of
civil aircrafts [8], but it did not solve the problem of non-
linearity. Liu et al. proposed a sliding mode backstepping
to do trajectory FTC [9] based on a nonlinear aircraft. In
order  to  deal  with  the  nonlinearity,  recently,  researchers
have  been  working  on  actuator  FTC  by  using  extended
state  observer  (ESO)  [10−17].  On  behalf  of  these  re-
searches,  Yuan  et  al.  combined  ESO  with  NDI  to  im-
prove the control  robustness  [16],  and Falconi  et  al.  fur-
ther  realized  FTC  through  this  method  [17].  Theoretical
analysis of ESO were given in [18,19]. These ESO-based
FTC methods were designed to solve the problem of non-
linearity.

However, few of these researches mentioned above in-
volved  the  sensor  faults.  Hence,  in  order  to  solve  the
problems  of  sensor  faults,  Edwards  et  al.  proposed  an
SMO-based fault detection method for sensor faults [20],
and  Xia  et  al.  proposed  an  observer-based  signal  recon-
struction method [21], but they were only suitable for the
linear  system.  Johansen  et  al.  proposed  an  airflow angle
estimation method which can be used when airflow angle
sensor have faults [22],  but its  accuracy still  needs to be
improved. Li et al. used Kalman filter to do the signal es-
timation under white noise [23], but this method has diffi-
culty dealing with bias sensor fault. Chen et al. proposed
a  nonlinear  adaptive  observer-based  sensor  FTC  sche-
me  [24].  Yang  et  al.  proposed  a  fault  diagnosis  method
for  angle-of-attack  based  on  the  transfer  function  of  lin-
ear  model  [25],  but  this  method  has  difficulty  dealing
with nonlinear systems. Lu et al.  proposed a sensor fault
detection  method  in  [26,27]  and  developed  an  FTC
scheme for simultaneous fault of sensors and actuators by
decoupling  design  [28].  However,  Lu’s method  needs
sophisticated  parameter  adjustment.  Generally,  most  of
these methods either have difficulty dealing with nonlin-
ear systems or need complex calculation. Therefore, how
to  solve  simultaneous  sensor  and  actuator  faults  in  an

 
Manuscript received December 22, 2020.
*Corresponding author.
This  work  was  supported  by  the  Chinese  Aviation  Science  Fund

(20160757001)  and  the  National  Natural  Science  Foundation  of  China
(10577012).
 

Journal of Systems Engineering and Electronics

Vol. 33, No. 1, February 2022, pp.180 – 187



easy way has become a heated topic.
The control scheme of [16] and [17] based on NDI and

ESO has a good performance on actuator FTC. However,
neither of them has taken sensor faults into consideration.
Thus, motivated by the work of [16] and [17], this paper
further improves the control law design so that it can deal
with  actuator  faults  and  sensor  faults  simultaneously.
First, two ESOs are designed to estimate sensor faults and
actuator faults respectively. Second, the angular rate sig-
nal is reconstructed according to the estimation of sensor
faults.  Third,  the  NDI  in  angular  rate  loop  is  designed
based on the reconstruction of angular rate signals and the
estimation of  actuator  faults.  Finally,  another NDI is  de-
signed to realize the attitude tracking. The proposed FTC
scheme is verified through simulations. The results show
that it is feasible and has better fault tolerant ability than
conventional ESO-NDI design.

Main innovation and contribution of this paper can be
summarized as follows:

(i)  To  solve  the  problem  of  sensor  faults,  this  paper
proposes  a  novel  ESO-based  sensor  fault  estimation
method and realizes the reconstruction of aircraft angular
rate signal using a nonlinear aircraft model.

(ii) Conventional ESO-NDI design has difficulty deal-
ing with simultaneous sensor and actuator faults. To over-
come  this  weakness,  the  FTC  is  modified,  and  the  fault
tolerant  attitude control  of  an aircraft  is  realized with si-
multaneous sensor and actuator faults.

This paper is organized as follows: Section 2 gives the
aircraft  model;  Section  3  gives  the  design  of  ESO  and
NDI;  Section  4  gives  some  simulations  on  a  Cessna172
aircraft model; Section 5 presents conclusions. 

2. Problem formulation
The  aircraft  attitude  control  scheme  includes  an  attitude
angle  control  loop  and  an  angular  rate  control  loop,  as
shown in Fig.  1,  where ω and η denote  the  angular  rate
and  attitude  vector  respectively,  the  associated  com-
mands are ωc and ηc, and measurements are ωm and ηm re-
spectively. uc and u are command and actual inputs of ac-
tuators.
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Fig. 1    Attitude control scheme

According  to  [29],  the  angular  rate  dynamics  of  air-
craft is presented as follows:
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]T

where p, q, and r represent the roll, pitch, and yaw rate of
the  aircraft  respectively. L, M,  and N represent  the  roll,
pitch, and yaw moments of the aircraft. Ixx, Iyy, Izz, and Ixz
are  the  moments  of  inertia  of  the  aircraft.  Denote

 as the state vector of angular rate loop.
Assume that the moments on the aircraft are only gene-

rated  by  aerodynamic  force,  which  means  the  moments
generated by thrust are ignored. Hence, the aerodynamic
moments can be calculated as follows:

 L
M
N

 = Rbw ·

q̄S

 b ·CL

c̄ ·CM

b ·CN

+ q̄S

 CD

CY

Cl

×∆ l

 (2)

q̄
c̄

∆ l

where Rbw is  the  coordinate  transform matrix  from wind
frame to body frame. The transform matrix can be found
in  [29].  is  the  dynamic  pressure, S is  wing  reference
area, b is  wing  span,  is  the  mean  aerodynamic  chord.
CL, CM, and CN are aerodynamic moment coefficients, CD,
CY,  and Cl are  aerodynamic  coefficients  of  drag,  lateral
and  lift  force  in  wind  frame respectively.  And  is  the
distance vector from pressure center to gravity center that
can be described as follows:

∆ l = Rwb ·

 xcg− xcp

0
0

 = RT
bw ·

 xcg− xcp

0
0

 (3)

where Rwb is  the  transform  matrix  from  body  frame  to
wind  frame,  and xcg and xcp are  the  position  of  gravity
center and pressure center along x axis in body frame.

The  aerodynamic  moment  coefficient CL, CM,  and CN
are coefficients that directly affect angular motion, which
can be calculated as follows:
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where CL0, CM0, and CN0 are the constant parts of aerody-
namic moment coefficient. , , and  are aerody-
namic  moment  coefficients  generated  by  airflow  angles.
Vt is the true airspeed. CLp, CNp, CMq, CLr, and CNr are aero-
dynamic  moment  derivatives. , , , ,  and

 are control surface related derivatives, , , and 
are the deflection of aileron, elevator, and rudder, respect-
ively. Denote  as the input to aircraft.
Substituting (2) and (4) into (1) yields

ω̇ = F1 (ω)+G1 (ω)u (5)

F1 (ω) G1 (ω)where  and  are nonlinear functions that can
be described as follows:

F1 (ω) = F01+ q̄S ·MI Rbw ·
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+
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 , (6)

G1 (ω) = q̄S ·MI Rbw Mu. (7)

F01, MI, Mω, and Mu are described as follows:
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Since sensor and actuator faults may occur in the angu-
lar  rate  control  loop,  the  angular  rate  loop  can  be  de-
scribed as follows:

ω̇ = F1 (ω)+G1 (ω) (uc+ fa)

ωm = ω+ fs

(12)

u = uc+ fa ωm

where fa is  actuator  fault,  which  means  the  difference
between  actual  deflection  and  desired  deflection  of  aile-
ron,  elevator  and  rudder. fs is  sensor  fault,  which  means
the  difference  between  angular  rate  sensor  mea-
surements  and  true  value. uc is  the  command  of  control
input, u is  the  eventual  input  ( ),  and  is
measurement value of angular rate.

η =
[
φ θ ψ

]T
φ θ ψ

The attitude control loop uses Euler angles to describe
the attitude. Denote  as the state vector
for the attitude loop, where , , and  are the roll, pitch,
and yaw angle respectively. Attitude dynamics can be de-
scribed as (13) according to [29]

η̇ = G2
(
η
)
ω (13)

where

G2
(
η
)
=

 1 sinϕ · tanθ cosϕ · tanθ
0 cosϕ −sinϕ
0 sinϕ/cosθ cosϕ/cosθ

 . (14)

Assume that there are no sensor faults in attitude vari-
ables. Hence, the attitude loop can be described asη̇ = G2

(
η
)
ω

ηm = η
(15)

ηmwhere  is the measurement of the attitude variables. 

3. FTC design based on ESO and NDI
The  FTC  design  includes  four  parts.  ESOs is  for  sensor
fault  estimation,  while  ESOa is  for  actuator  fault  estima-
tion.  NDIω is  the  controller  of  angular  rate  loop,  while
NDIη is the controller of attitude loop, as shown in Fig. 2.
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In Fig.2  and  are  estimation  of  sensor  faults  and
actuator faults.  is the reconstructed angular rate signal.

 and  are control command of angular rate and atti-
tude  angle.  and  are  the  tracking  error  of  angular
rate and attitude angle.
 

3.1    Design of ESOs

ESOs is used to estimate the sensor faults and reconstruct
the angular rate signals. Substitute (12) into (15), and the
attitude dynamics can be rewritten as follows:η̇ = G2

(
η
)
(ωm− fs)

ηm = η
(16)

Denote  (16)  as  System  A.  Decompose  System  A  into
three channels:

ϕ̇ = G21
(
η
)
ωm−G21

(
η
)

fs
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(
η
)
ωm−G22

(
η
)

fs

ψ̇ = G23
(
η
)
ωm−G23

(
η
)

fs

(17)

where G2i (η) are the ith row of G2(η) (i = 1, 2, 3) .
Denote: 

dϕ = −G21
(
η
)

fs

dθ = −G22
(
η
)

fs

dψ = −G23
(
η
)

fs

(18)

dϕ dθ dψwhere , ,  denote  the  influence  of  faults  in  chan-
nels of roll, pitch, and yaw respectively.

Design an equivalent system to System A as (19), and
denote it as System B

ζ̇1 = ζ2+G21
(
η
)
ωm

ζ̇2 = ḋϕ
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(
η
)
ωm

ζ̇4 = ḋθ
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(
η
)
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[
ζ1 ζ2 ζ3 ζ4 ζ5 ζ6

]T
=
[
ϕ dϕ θ dθ ψ dψ

]T
and .  The
ESOs can be designed as follows:



ẇ1 = w2+G21
(
η
)
ωm−R11 (w1−ϕ)

ẇ2 = −R12 · sign(w1−ϕ) ·
√
|w1−ϕ|

ẇ3 = w4+G22
(
η
)
ωm−R21 (w3− θ)

ẇ4 = −R22 · sign(w3− θ) ·
√
|w3− θ|

ẇ5 = w6+G23
(
η
)
ωm−R31 (w5−ψ)

ẇ6 = −R32 · sign(w5−ψ) ·
√
|w5−ψ|

(20)

w = ζ̂where , and R is the observer gain matrix with three
rows and two columns. The convergence analysis of ESO
are given in [18] and [19].

According to (18), sensor faults can be estimated as

f̂s = −G−1
2

(
η
) · [ w2 w4 w6

]T
. (21)

Finally, angular rate signal can be reconstructed as

ω̂ = ωm− f̂s. (22)
 

ESOa3.2    Design of 

ESOa is designed to estimate actuator faults. Denote (12)
as  System C,  and  decompose  System C into  three  chan-
nels: 

ṗ = F11 (ω)+G11 (ω)uc+G11 (ω) fa

q̇ = F12 (ω)+G12 (ω)uc+G12 (ω) fa

ṙ = F13 (ω)+G13 (ω)uc+G13 (ω) fa

(23)

where F1i (ω)  and G1i (ω)  are  the ith  row  of F1(ω)  and
G1(ω) (i = 1, 2, 3) . Denote:

dp = G11
(
η
)

fa

dq = G12
(
η
)

fa

dr = G13
(
η
)

fa

. (24)

where dp, dq, dr are the influence of actuator faults in roll,
pitch, and yaw rate channel respectively. Then System D
can be designed as an equivalent system to System C:

ξ̇1 = ξ2+F11 (ω)+G11 (ω)uc

ξ̇2 = ḋp

ξ̇3 = ξ4+F12 (ω)+G12 (ω)uc

ξ̇4 = ḋq

ξ̇5 = ξ6+F13 (ω)+G13 (ω)uc

ξ̇6 = ḋr

(25)

[
ξ1 ξ2 ξ3 ξ4 ξ5 ξ6

]T
=
[

p dp q dq r dr

]T
where . Then
ESOa can be designed as follows:

ż1 = z2+F11 (ω)+G11 (ω)u−Q11 (z1− p̂)

ż2 = −Q12 · sign(z1− p̂) ·
√
|z1− p̂|

ż3 = z4+F12 (ω)+G12 (ω)u−Q21 (z3− q̂)

ż4 = −Q22 · sign(z3− q̂) ·
√
|z3− q̂|

ż5 = z6+F13 (ω)+G13 (ω)u−Q31 (z5− r̂)

ż6 = −Q32 · sign(z5− r̂) ·
√
|z5− r̂|

(26)

z = ξ̂ p̂ q̂ r̂where , ,   are the reconstructed angular rate sig-
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nals. Q is  the  observer  gain  matrix  with  three  rows  and
two  columns.  The  convergence  analysis  of  ESOa is  as
given  in  [18,19].  Finally,  the  actuator  faults  can  be  esti-
mated as

f̂a = G−1
1

(
η
) · [ z2 z4 z6

]T
(27)

 

3.3    Design of NDIω

NDIω is  for  angular  rate  control.  The  design  of  NDIω is
based on the signal reconstruction and fault estimation. It
can be described in the following steps:
Step 1　Calculate tracking error of angular rates.

eω = ωc− ω̂ (28)

Step 2　Calculate desired derivatives of angular rates
according to proportion-integral-derivative (PID) rules.

ω̇d = kp1eω+ ki1

w t

0
eωdt+ kd1

deω
dt

(29)

kp1 ki1 kd1where , , and  are PID gains.
Step  3　Let  the  desired  derivatives  equal  to  the  true

derivatives.

ω̇ = ω̇d (30)

Step 4　Substitute (12) into (30).

F1 (ω)+G1 (ω) (uc+ fa) = ω̇d (31)

ω fa ω̂

f̂a

Step 5　Transform (31), and replace  and  with 
and  respectively.

uc = G−1
1 (ω) · (ω̇d −F1 (ω))− f̂a (32)

 

3.4    Design of NDIη

NDIη is  for  attitude  control.  The  design  of  NDIη can  be
described as following steps:
Step 1　Calculate tracking error of attitude angles.

eη = ηc−η (33)

Step  2　 Calculate  desired  derivatives  of  attitude
angles according to PID rules.

η̇d = kp2eη+ ki2

w t

0
eηdt+ kd2

deη
dt

(34)

kp2 ki2 kd2where , , and  are PID gains.
Step  3　Let  desired  derivatives  equal  to  true  deriva-

tives.
η̇ = η̇d (35)

Step 4　Substitute (13) into (35).

G2
(
η
)
ω = η̇d (36)

ω ωcStep 5　Transform (36), and replace  with .

ωc = G−1
2

(
η
) · η̇d (37)

 

4. Simulation analysis
The  simulations  are  carried  out  on  a  Cessna172  aircraft,
cruising at the height of 500 m and at the speed of 50 m/s.
The aircraft model is established based on (12) and (13),
with reference to [29] and [30]. 

4.1    Scenario A: angular rate tracking control

In Scenario A, the ESO-NDI-based FTC scheme is com-
pared with normal NDI to verify the feasibility and fault
tolerant  ability  of  ESO-NDI-based FTC proposed in  this
paper. The faults are set as (38) to (40).

fa =

{
−0.2uc, t > 5
0, t ⩽ 5 (38)

fp = fq = fr =

{
0.05, 10 < t < 20
0, otherwise (39)

fs =
[

fp fq fr

]T
(40)

The control parameters are set as follows:

Q =

 10 3
10 3
10 3

 , (41)

R =

 10 5
10 5
10 5

 , (42)


kp1 = 10
ki1 = 0
kd1 = 0

. (43)

Angular rate responses under simultaneous sensor and
actuator faults are shown in the following:

Fig.  3 gives  the  comparison  of  angular  rate  tracking
results based on the FTC proposed in this paper and con-
ventional ESO-NDI design in [16] or [17]. At the begin-
ning  the  tracking  results  of  proposed  FTC  have  error  in
pitch  rate  channel  due  to  the  initial  value  error  of  ESOs,
but  the error diminishes in two seconds.  At 5 s,  actuator
faults cause tracking error in pitch rate channel, and both
methods  have  eliminated  the  influence  of  actuator  fault.
After  10  s,  the  sensor  fault  occurred.  It  can  be  seen that
conventional  ESO-NDI design  failed  to  follow the  com-
mand, while the proposed FTC eliminate the influence of
sensor faults and follows the command well. The compa-
rison  shows  that  conventional  ESO-NDI  design  cannot
deal  with  sensor  faults,  while  the  proposed FTC scheme
can  deal  the  simultaneous  sensor  and  actuator  faults,
which means it has better fault tolerant ability.
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Fig. 3    Angular rate tracking responses

 
Fig.  4 gives  the  angular  rate  signal  reconstruction  re-

sults.  At  the  beginning,  the  initial  value  error  caused
some error, but it soon diminished. At 10 s and 20 s, the
measurement  suddenly  changed  and  caused  reconstruc-
tion error, but the reconstruction soon get close to the true
value, which shows the effectiveness of the signal recon-
struction.
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Fig. 4    Angular rate signal reconstruction results
 

4.2    Scenario B: attitude tracking control

In Scenario B, the attitude tracking response is given. The
faults are set as (44) to (48).

fa =

 −0.3uc, t > 5
0, t ⩽ 5

(44)

fp =


0, t < 10
0.01t−0.1, 10 < t < 20
0.1, 20 < t

(45)

fq =


0, t < 15
0.01t−0.15, 15 < t < 25
0.1, 25 < t

(46)

fr =


0, t < 10
0.01t−0.1, 10 < t < 20
0.1, 20 < t

(47)

fs =
[

fp fq fr

]T
(48)

The  parameters  of  ESOa,  ESOs,  and  NDIω are  set  as
(41) to (43). The parameters of NDIη is given as follows:

kp2 = 2
ki2 = 0
kd2 = 0

. (49)

During 0−25 s in angular rate loop, conventional ESO-
NDI  design  is  used  and  after  25  s  the  proposed  FTC  is
used.  The  simulation  response  are  shown  in  the  follow-
ing:
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Fig. 5    Attitude tracking response
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It  can  be  seen  that  sudden actuator  faults  at  5  s  cause
little  tracking  errors,  but  soon  are  eliminated.  During
10−25 s, sensor faults cause tracking error in angular rate
loop  and  attitude  loop,  and  huge  attitude  deviation  is
caused,  which  again  shows  conventional  ESO-NDI
design  has  difficulty  in  dealing  with  sensor  faults.  After
25  s,  the  proposed  FTC  was  used.  As  a  result,  angular
rates and Euler angles follows the command successfully,
which  proves  the  proposed  FTC  has  the  ability  to  deal
with simultaneous sensor and actuator faults. 

5. Conclusions
In this paper, an FTC scheme based on ESO and NDI for
civil aircrafts with sensor and actuator faults is proposed.
First,  an  ESO-based signal  reconstruction  is  proposed to
solve the sensor faults. Second, another ESO is designed
to estimate actuator faults. The angular rate controller and
attitude controller are designed by using NDI. In angular
rate loop, the NDI is designed based on the signal recon-
struction and the estimation of actuator faults. Simulation
shows  that  this  FTC  scheme  is  feasible  and  has  better
fault  tolerant  ability  than  conventional  ESO-NDI  design
in dealing with sensor faults. The future work will be fo-
cused  on  faults  of  different  kinds  of  sensors  and  how to
deal with sensor noises.
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