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Restructurable Guidance and Control for Aircraft
with Failures Considering Gust Effects
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This paper presents a procedure for designing a fault-tolerant guidance and control system for a damaged aircraft
using the simultaneous online fault/wind estimation and the nonlinear restructurable guidance and control law. The
algorithm employs an extended Kalman filter (EKF) and a nonlinear inverse dynamics (NID) controller with the
singular perturbation method. The EKF, which is based on the six-degree-of-freedom nonlinear aircraft equations
of motion, simultaneously estimates the aerodynamic derivative changes and the wind-velocity components. The
NID controller computes the required control-surface deflections and engine thrust not only to stabilize damaged
aircraft but also to enable the aircraft to track the reference trajectory using the estimated results in a gusty
environment. The estimation algorithm is evaluated through flight-test data obtained by using the experimental
aircraft. Numerical simulations are carried out to verify the guidance and control capability of damaged aircraft
under gusty conditions.

Nomenclature
b = wing span
C = aerodynamic derivatives
c̄ = mean aerodynamic chord
D = total drag
Ft = linearized transition matrix
FX , FY , FZ = guidance forces about the moving axis along

the flight path
f, g = nonlinear functions of state equations
g = acceleration of gravity
Ht = linearized output matrix
h = nonlinear function of output equations
I6 = six-dimensional identity matrix
K = guidance and control gains
Kt = Kalman gain
L = total lift
L̄ , M̄ , N̄ = aerodynamic moment components
le = engine moment arm
m = aircraft mass
Pt/t , Pt + 1/t = estimation/prediction covariance
p, q, r = angular velocity components about the body axes
Qt = process noise covariance
qt = dynamic pressure
Rt = measurement noise covariance
S = wing area
T = thrust
t = time
u = input
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V = velocity
vt = measurement noise
WX , WY , WZ = wind-velocity components about earth

fixed frame
wt = process noise
X, Y, Z = position of aircraft
x = state
Y = side force
y = output
α = angle of attack
β = sideslip angle
γ = flight-path angle
δa , δe, δr = surface deflections of aileron, elevator,

and rudder
δTh = differential thrust
λ = heading angle
ξ = wind-velocity vector
ρ = air density
φ, θ , ψ = Euler angles

Subscripts

a = airspeed
c = reference
d = aerodynamic derivative
L/R = left/right

Superscripts

T = transpose
(∗̇) = time derivative
∧ = estimated value
− = mean value

I. Introduction

R ESTRUCTURABLE flight control systems have been inves-
tigated to improve the survivability of damaged aircraft. There

are two basic approaches. The first is the fault detection and isola-
tion (FDI)-based approach, which displayed its effectiveness in the
flight testing of the so-called self-repairing flight control system.1

Because the FDI approach requires prior assumptions regarding the
characteristics of failures, adaptive control has been applied as the
second approach without the use of the FDI process.2 Furthermore,

671



672 TANAKA ET AL.

the adaptive control approach is categorized into two methods—
an indirect adaptive-control-based method and a direct adaptive-
control-based method. NASA’s Intelligent Flight Control System
program3 has been testing several flight control systems based on
a neural network. The primary focus of this paper is the integra-
tion of the restructurable flight control and guidance algorithm for
damaged aircraft in gusty conditions.

Although the effect of gusts or wind has not been considered se-
riously in research on restructurable control systems, wind or gusts
influence aircraft dynamics. Lower frequency wind influences track-
ing performance for a specified flight path, and higher frequency
wind or gusts affect flight stability characteristics. Although there
are many approaches to both online parameter identification4 and
restructurable flight control,2 to incorporate wind effects, this paper
adopts the extended Kalman filter (EKF) method5 and the nonlinear
inverse dynamics (NID) method.6−10 Consequently, this paper em-
ploys an adaptive control approach based on an indirect method that
identifies time-varying system parameters and uses those parame-
ters to rebuild the flight control systems. Because a sudden change
in flight characteristics due to any damage may result in a large
movement with nonlinear behavior, the nonlinear dynamic equa-
tions should be considered for identification and control. Addition-
ally, the singular perturbation method, which separates the system
dynamics into several submodels on the basis of a time scale, can
enhance robust characteristics to feedforward terms in NID.7,8

To consider the wind effect in the design of a restructurable control
system, wind components must be estimated in the parameter identi-
fication process. Because a low-altitude wind may pose a significant
hazard to a low-speed flight such as take off or landing, problems
regarding the identification of wind-velocity components have been
investigated in previous research.11,12 Reference 12 applied the EKF
to identify the wind components that are used to decide the control
strategy in an NID control architecture. This study applies a similar
approach to the restructurable flight control and guidance problems.
Both the aerodynamic derivatives and the wind-velocity components
are identified using the EKF method. The obtained information is
used to reconstruct an NID control module that has the capability
to control damaged aircraft and guide a specified flight path by can-
celing wind forces. It should be mentioned that some fundamental
assumptions are made in our study: 1) all the states of the motion
equations can be measured without any sensor failure, 2) failure is
modeled as a change in aerodynamic derivatives, 3) the closed-loop
system is stable even after failures, and 4) both observability and
controllability are guaranteed even after failures. If there is complete
loss of a control surface, an additional control device should be in-
troduced to ensure the assumptions noted above. In numerical sim-
ulations, a differential thrust operation13 is employed to compensate
for the loss of rudder effectiveness. Although our approach is con-
sidered to be practical, mathematical verification of stability bounds
is difficult. Hence, no stability analysis was performed in this study.

In Section II, the dynamic equations including wind effects are
explained briefly, and in the subsequent Sections III and IV, the es-
timation and control algorithms are described. The estimation algo-
rithm is verified in Section V, where the flight experiment vehicle14

of the Japan Aerospace Exploration Agency is used to compare
the estimated wind velocities with the measurement data. It also
notes that some stability derivatives are estimated simultaneously.
In Section VI, the integration of the parameter estimation and the re-
structurable control system is evaluated by numerical simulations.
Two cases, aileron reversal and vertical fin loss, are considered.
Although our approach can take into account the changes in a
time-varying system, it is assumed that the aerodynamic deriva-
tives change suddenly at failure. Both the transient characteristics
and the tracking performance will be evaluated in these simulations.
Finally, in Section VII, the summary and conclusions of this paper
are presented.

II. Aircraft Dynamics and Failure Model
A. Aircraft Gust Response Model

A nonlinear six-degree-of-freedom model of an aircraft with gusts
effect is used in this study.15 This aircraft has traditional aerody-

namic control surfaces, that is, elevator for pitch control, ailerons
for roll control, and rudder for yaw control. The nonlinear continu-
ous aircraft equations of motion with gusts terms can be expressed
as

ẋ = f (x, u, ξ), y = h(x, u, ξ) (1)

where x = [Va αa βa φ θ ψ p q r ]T represents the aircraft state
vector, u = [T δa δe δr ]T represents the control input vector, and
ξ = [WX WY WZ ]T represents the wind velocity vector.

The aerodynamic forces and moments are expressed as follows:

D = qt SCD, L = qt SCL , Y = qt SCY

L̄ = qt SbCl , M̄ = qt Sc̄Cm, N̄ = qt SbCn (2)

Further, the aerodynamic derivatives are expanded as a linear com-
bination of the state values as follows:

CD = CD0, CL = CLααa + CLq c̄q/(2Va), CY = CYββa

Cl = Clββa + Clpbp/(2Va) + Clr br/(2Va) + Clδa δa + Clδr δr

Cm = Cm0 + Cmααa + Cmα̇ c̄α̇/(2Va) + Cmq c̄q/(2Va) + Cmδe δe

Cn = Cnββa + Cnpbp/(2Va) + Cnr br/(2Va) + Cnδa δa + Cnδr δr (3)

B. Failure Cases
Failures can be modeled as changes in the aerodynamic deriva-

tives and detected by comparing nominal values with estimated data.
In this paper, the following failures are considered and no sensor
failures are assumed:

1) Control Surface Failure: Loss of effectiveness of a control
surface is considered. In this case, the aerodynamic derivatives will
change according to the type of control-surface failure.

2) Aerodynamic Shape Change: The aerodynamic shape of an
aircraft changes when some of its parts are lost. For example, if the
aircraft loses part of or the entire vertical fin, the directional stability,
spiral performance, and rudder effectiveness will worsen. In such
a situation, the aerodynamic derivatives, which are functions of the
vertical fin shape, will change.

III. Fault Detection and Isolation and Wind Estimation
To estimate the aerodynamic derivatives and wind-velocity com-

ponents, the EKF method is applied. It is considered that the EKF is
suitable for parameter identification of damaged aircraft because it
does not assume that the system is linear, stable, or time-invariant.

The EKF computes minimum variance estimates for nonlinear
systems described by the equations

xt + 1 = ft (xt ) + wt , yt = ht (xt ) + vt (4)

The filter equations are

x̂t + 1/t = ft (x̂t/t ), x̂t/t = x̂t/t − 1 + Kt [yt − ht (x̂t/t − 1)] (5)

The Kalman gain is

Kt = Pt/t − 1 H T
t

[
Ht Pt/t − 1 H T

t + Rt

]−1
(6)

The covariance equations are

Pt + 1/t = Ft Pt/t F T
t + Qt

Pt/t = Pt/t − 1 − Pt/t − 1 H T
t

[
Ht Pt/t − 1 H T

t + Rt

]−1
Ht Pt/t − 1 (7)

The initial values are

x̂0/−1 = x̄0, P0/−1 = �0 (8)

where

Ft =
(

∂ ft

∂xt

)
x = x̂t/t

, Ht =
(

∂ht

∂xt

)
x = x̂t/t − 1

(9)



TANAKA ET AL. 673

Then, the dynamic model for the EKF is constructed. The wind-
velocity dynamics is expressed as

ẋg = W xg, W =
[

0 I6

0 0

]
(10)

where xg = [ξ ξ̇ ξ̈ ]T . Equation (10) represents the integral state
model.16 It is assumed that the dynamics of the third time deriva-
tives of ξ is much slower than the sampling rate and it is therefore
neglected. Similarly, failure dynamics is not considered. Therefore,
the combined aircraft/wind/failure dynamics is expressed as

xex = [
x T x T

g x T
d

]T
, ẋex =

⎡⎣ f (xex , u)

W xg

0

⎤⎦ + wt

y = h(xex , u) + vt (11)

where xd = [Clδa Cmδe Cnδr · · ·]T is the vector of the aerodynamic
derivatives to be estimated. Equation (11) describes the system
model that is assumed to design the EKF. The unknown aerody-
namic derivatives and wind-velocity components are added to the
state elements. This implies that the parameter identification and
disturbance estimation problem is transformed into a state estima-
tion problem. Then the EKF based on Eq. (11) outputs the aircraft
state, aerodynamic derivatives, and wind-velocity components. The
estimation algorithm is summarized as follows

1) Choose the aerodynamic derivatives that will change based on
the failure.

2) Describe the combined aircraft/wind/failure model.
3) Design the extended Kalman filter.
4) Estimate the unknown aerodynamic derivatives and wind-

velocity components.
5) Apply the estimated data for guidance and control.

IV. Restructurable Control
The NID guidance and control law is employed for tracking a

given flight path and for controller reconstruction.
The system is represented as

ẋ = f (x) + g(x)u, y = h(x, u) (12)

It is possible to construct a nonlinear feedback control law that
provides output decoupling of y or its derivatives such that y(d) = v,
where d is the relative degree of differentiation required to identify
the direct control effect on each element of the output vector. The
vector y(d) is expressed as

y(d) = f ∗(x) + g∗(x)u = v (13)

The new control input v can be chosen to place the system poles in
the desired locations. Then, the inverse control law is expressed as

u = [g∗(x)]−1[v − f ∗(x)] (14)

The general NID control law requires that the nonlinear plant be
minimum phase because the resulting control law effectively inverts
the plant, and otherwise would produce a closed-loop system that
was internally unstable. If the system can be partitioned into slow-
and fast-time-scale subsystems, the controller can be simplified. The
separation of the dynamics into slow and fast time scales is a natural
consequence of the underlying physics. In this paper, it is assumed
that the angular velocity of the aircraft increases at a greater rate
than the altitude and velocity. Then the singular perturbation method
(SPM) can be applied to simplify the controller, and it improves the
controller’s robustness.

Next, the guidance controller design procedure is explained. First,
the guidance force is computed from the reference flight path, the

velocity, and the position of the aircraft. The components about the
moving axis along the flight path are10

FX = m[V̇c + KV (Vc − V ) + g sin γc + K X {(Xc − X) cos λc cos γc}
+ (Yc − Y ) sin λc cos γc + (Zc − Z) sin γc]

FY = m[Vcλ̇c cos γc + Vc Kλ(λc − λ) cos γc

−KY {(Xc − X) sin λc + (Yc − Y ) cos λc}]
FZ = m{−Vcγ̇c − Vc Kγ (γc − γ ) − g cos γc

+ K Z [(Xc − X) cos λc sin γc]

+ (Yc − Y ) sin λc sin γc + (Zc − Z) cos γc} (15)

Second, the desired thrust, angle of attack, sideslip angle, and bank
angle are computed from the required guidance force as follows:

Tc = Fx + D, αc = (Fy sin φc − Fz cos φc)/qt SCLα

βc = (Fy cos φc + Fz sin φc)/qt SCYβ

φc = tan−1(−Fy/Fz) (16)

Here, it is assumed that only the control surfaces produce the aerody-
namic moment for stability. Otherwise, the open-loop system tends
to be a nonminimum phase and the closed-loop system is unstable.
This completes the computation for the guidance subsystem. Third,
the desired angular velocities are computed using the inverse sys-
tems of the angle of attack, sideslip angle, and bank angle, which
are termed slow-time-scale (STS) subsystems. The state equation
of the STS is expressed as⎡⎣α̇

β̇

φ̇

⎤⎦ =

⎡⎣ fα(x, ξ)

fβ(x, ξ)

fφ(x, ξ)

⎤⎦+

⎡⎣gαp(x) gαq(x) gαr (x)

gβp(x) gβq(x) gβr (x)

gφp(x) gφq(x) gφr (x)

⎤⎦⎡⎣p

q

r

⎤⎦ (17)

Therefore, the NID control law is⎡⎣pc

qc

rc

⎤⎦ =

⎡⎣gαp(x) gαq(x) gαr (x)

gβp(x) gβq(x) gβr (x)

gφp(x) gφq(x) gφr (x)

⎤⎦−1 ⎡⎣Uα − fα(x, ξ)

Uβ − fβ(x, ξ)

Uφ − fφ(x, ξ)

⎤⎦ (18)

where

Uα = (KαP + Kα I /s)(αc − αa)

Uβ = (Kβ P + Kβ I /s)(βc − βa)

Uφ = (KφP + Kφ I /s)(φc − φ) (19)

are the feedback control laws that enable α, β, φ to track the refer-
ence values αc, βc, φc. Finally, the required control surface deflec-
tions are computed using the inverse systems of angular velocities,
which are termed fast-time-scale (FTS) subsystems. The state equa-
tion of the FTS is expressed as⎡⎣ ṗ

q̇

ṙ

⎤⎦ =

⎡⎣ f p(x)

fq(x)

fr (x)

⎤⎦ +

⎡⎣gpa(x) 0 gpr (x)

0 gqe(x) 0

gra(x) 0 grr (x)

⎤⎦⎡⎣ δa

δe

δr

⎤⎦ (20)

Therefore, the NID control law is⎡⎣δa

δe

δr

⎤⎦ =

⎡⎣gpa(x) 0 gpr (x)

0 gqe 0

gra(x) 0 grr (x)

⎤⎦−1 ⎡⎣Up − f p(x)

Uq − fq(x)

Ur − fr (x)

⎤⎦ (21)

where

Up = K p(pc − p), Uq = Kq(qc − q), Ur = Kr (rc − r)

(22)
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Fig. 1 Fault-tolerant guidance and control system.

Fig. 2 Differential thrust
at vertical fin loss.

are the feedback-control laws. It should be mentioned that the
feedback-control gains must be designed to ensure closed-loop sta-
bility. When the effects of failures are estimated, the control pa-
rameters in the STS and FTS are updated and the effects of wind
and gusts are eliminated using the estimated data. In other words,
when the control devices (aileron, elevator, rudder, etc.) fail, gi j are
updated. When the aerodynamic shape changes due to accidents, fi

and gi j are updated. The closed loop system is shown in Fig. 1.
This method requires that the closed-loop system be stable and

the controllability be guaranteed even after failures. Therefore, for
serious failures, the functions of the aircraft that are lost should be
compensated for by the remaining control devices. Those functions
will be considered in numerical simulations described in section VI.
For example, when the rudder effectiveness is seriously hampered,
the yawing cannot be controlled. In that case, differential thrust can
be used.13 That is, the desired yawing moment N̄e is generated by the
thrust difference between the left and the right engines, expressed
as

N̄e = (TL − TR)δThle (23)

where le is the moment arm as shown in Fig. 2. The effect on the
rolling and pitching moments is neglected. The equations of motion
are modified as[

ṗ

ṙ

]
=

[
f p(x)

fr (x)

]
+

[
gpa(x) gpt (x)

gra(x) grt (x)

][
δa

δ̃Th

]
(24)

where δ̃Th is the ratio of δTh to qt S. Thus, the desired aileron deflec-
tion and the thrust difference are calculated as follows:[

δa

δ̃Th

]
=

[
gpa(x) gpt (x)

gra(x) grt (x)

]−1 ([
Up

Ur

]
−

[
f p(x)

fr (x)

])
(25)

Similarly, when the function of the elevator is lost, the longitudi-
nal motion is compensated using the flaps, which function as the
horizontal stabilizer. However, these types of controls are not used
in normal operation, because the movements of these devices are
slower than those of the control surfaces, and are basically unsuit-
able for altitude control. Further, when failure occurs, it is necessary

to switch the control method. In this study, some threshold values of
typical parameters have been provided, and the controller is switched
based on the estimated data. For example, when the estimated rud-
der effectiveness (Clδr , Cnδr ) becomes smaller than the threshold,
the controller is switched to use differential thrust instead of rudder.

V. Flight Test of Estimation Algorithm
The estimation algorithm presented in Section III is applied to

flight experiment data to confirm the estimation algorithm. The
flight was made on October 27, 2004. The Japan Aerospace Ex-
ploration Agency has developed a flight experiment vehicle, the
Multi Purpose Aviation Laboratory-α (MuPAL-α).14 This is a mod-
ified twin-turboprop aircraft, Dornier Do228-202. Numerical data
on the aircraft are the following: mass m = 5930 kg, wing area
S = 32.0 m2, wing span b = 16.97 m, and mean aerodynamic chord
c̄ = 2.046 m. The flight data was obtained using MuPAL-α, which
can measure the aircraft state, control surface deflections, engine
torque, and ground speed. The sensor data used for estimation were

y = [
x T V̇a α̇a β̇a ṗ ṙ

]T
, u = [

T δa δe δr

]T

(26)
The derivative of each state component is obtained by numerical
differentiation. The measurement noise covariance Rt was deter-
mined from the sensor accuracy.4 The process noise covariance
Qt must be specified before the online parameter estimation. The
strength of the process noise influences the characteristics of the
estimated wind velocities. Therefore, the stochastic characteris-
tics of the wind velocities during the flight should be obtained
beforehand.11,12 In this research, the process noise covariance Qt

Fig. 3 Comparison of measured and estimated data (rudder input).
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was adjusted by comparing the wind conditions and the esti-
mated wind velocities. The average airspeed was approximately
65 m/s, and the altitude was about 5000 ft. The sampling rate was
50 Hz. No closed-loop controller was used in this flight test in or-
der to obtain open-loop results. All flaps and landing gear were
retracted, and the throttle was fixed. The lateral aerodynamic deriva-
tives (CYβ, Clβ, Clp, Clr , Clδa , Cnβ, Cnp, Cnr , Cnδr ) and the horizon-
tal wind velocity were estimated. The derivatives whose effects ap-
pear to be small are fixed for the wind tunnel (WT) test data, such
as Clδr , Cnδa . Two test cases were prepared to evaluate performance
of the estimation algorithm. The first case was the directional sta-
bility estimation, and the second case was the aileron effectiveness
estimation.

Case 1: The estimation of the directional stability changes was
tested. Two ventral fins were added to MuPAL-α, but only a sin-
gle WT daturn was analyzed before modification. Therefore, the
directional stability data did not appear to be accurate. The initial
values of the aerodynamic derivatives were set to those of the WT
data. The rudder doublet was input manually by the pilots, and the
EKF estimated the actual values from the sensor outputs. It should
be noted that an appropriate input must be applied in order to ob-
tain estimation data with high accuracy. The estimated data were
recorded 12 times. One of the results is shown in Fig. 3. In this fig-
ure, the model using estimated aerodynamic derivatives (estimated
model), the model derived from WT (WT model), and the sensor
outputs (measured) are shown by solid, dashed, and dotted lines, re-
spectively. The estimated model could reproduce the actual motion
more accurately than the WT model. It is evident that the estimated
model is superior to the WT model, particularly in the case of the
yaw rate response. Further, the magnitude of the estimated hori-

Fig. 4 Time histories of measured and estimated data (aileron input).

zontal wind velocity and that of the measured one (deviation of the
groundspeed and airspeed) are shown. It should be noted that this
experimental aircraft can measure the airspeed components using
α- and β-vanes; however, these devices are not available in most
commercial airplanes. Furthermore, because the process noises and
aircraft motion data should be estimated simultaneously, the mea-
sured wind velocities are not suitable for the proposed parameter
estimation process. The estimated and measured wind velocities
indicate good correlation.

Case 2: The aileron effectiveness was estimated. It is necessary
that the correct parameters be estimated from the changed ones due
to failures for FDI. However, it was difficult to conduct the experi-
ment with aircraft that actually broke down. Therefore, to simulate
the control surface loss, the initial value of the roll derivative against
the aileron deflection Clδa was intentionally set to a value much
greater than that of the WT data (120, 150, and 200% of the nom-
inal value). If a correct value is estimated from the initial incorrect
value, it indicates that failures can be detected appropriately. The
aileron-doublet maneuvers and coordinated turns were performed.
The actual values were estimated by the EKF using sensor outputs.
One of the results is shown in Fig. 4. This figure shows the time
history of the state and data obtained from a coordinated-turn ma-
neuver. In this figure, the initial value of Clδa was set to 200% of
the value of the WT data, but the estimated value converged to a
realistic one. The converged value is very similar to that of the WT
data. Therefore, it appears that the EKF can possibly estimate the
actual aerodynamic derivatives when the aircraft loses control sur-
faces effectiveness. Furthermore, the estimated (solid) and measured
(dotted) horizontal wind velocities were compared. The estimated
and measured wind velocities indicate good coorelation.

Fig. 5 Flight trajectories with gusts and without failure.
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Because the EKF method is based on the linearlization of the sys-
tem, it may be trapped in local minimums or it may become unstable,
especially in highly nonlinear cases. Furthermore, the system must
satisfy the condition of observability and be excited in an appropriate
manner. Although the flight-test results show good performance by
applying our approach, these items must be considered in parameter
identification problems.

VI. Numerical Simulations
The algorithm is applied to aircraft guidance and control. Two nu-

merical simulations are presented to demonstrate the performance
of the proposed algorithm. The control objective is to enable a dam-

Fig. 6 Time responses with gusts and without failure (EKF/NID).

aged aircraft to track the reference trajectory in a gustsy environ-
ment. The aircraft model is the same as that used in the previous
section—MuPAL-α. An altitude of 5000 ft and a speed of 70 m/s
are the initial conditions in the simulations. It is assumed that the
engine thrust has first-order dynamics with a time constant of 1.0 s.
In this flight condition, the control-surface position limits are

−10 deg ≤ δa ≤ 10 deg, −10 deg ≤ δe ≤ 5 deg

−10 deg ≤ δr ≤ 10 deg (27)

Fig. 7 Time histories of estimated wind velocities.

Fig. 8 Flight trajectories with aileron reversal and gusts.
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The actuator dynamics are not included. The reference flight
path simulates a landing approach with a turn. Controller
gains (KV , Kγ , Kλ, K X , KY , K Z , Kα, Kβ, Kφ, K p, Kq , Kr ) are de-
termined from the response of the nominal aircraft without fail-
ures in the absence of wind. It should be mentioned that the
method combining parameter estimation with a nonlinear controller
is practical; however, it is difficult to prove the stability and con-
vergence criteria of the total system.2 Therefore, controller gains
should be selected to allow sufficient stability margin to the nomi-
nal system. The control performances EKF/NID are compared to
those with NID alone. The sampling rate for the simulations is
50 Hz.

Fig. 9 Time responses with aileron reversal and gusts (EKF/NID).

Initially, wind effects are considered. No failure occurs. The flight
trajectories are shown in Fig. 5. Time responses and estimated wind
velocities are shown in Figs. 6 and 7. It is obvious that tracking
performance is improved by utilizing the estimated wind velocity.
The maximum tracking error of heights is approximately 1 m (with
EKF/NID) and 18 m (without EKF). In the lateral directions, the
maximum tracking errors are approximately 8 m (with EKF/NID)
and 40 m (without EKF). The state response and control input are
stable and reasonable, the wind velocity is successfully estimated
by EKF, and the estimated data is utilized to track the flight path
with high accuracy.

Fig. 10 Time histories of estimated Clδa and wind velocities with
aileron reversal.

Fig. 11 Flight trajectories with vertical fin loss and gusts.
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As the next step, two failure cases are simulated as follows.
Scenario 1: The aileron effectiveness becomes reversed (aileron

reversal). Although there are some causes that lead to aileron rever-
sal, it is assumed that the roll derivative against the aileron deflection
Clδa reverses suddenly, as the worst-case scenario. The accident oc-
curs at t = 10.0 s. The flight trajectories are compared in Fig. 8.
Time responses and the data of the aircraft estimated by EKF/NID
are shown in Figs. 9 and 10, where the EKF accurately estimates the
changed aerodynamic derivatives corresponding to the aileron de-
flections and wind velocity. The NID is updated using the estimated
data, and the aircraft successfully tracks the reference trajectory.
When the failure occurs at t = 10.0 s, it is observed that the control
surfaces move rapidly. However, the magnitude of the changes is
not significant and the transition of states is stable and smooth. In

Fig. 12 Time responses with vertical fin loss and gusts (EKF/NID).

Fig. 13 Time histories of estimated Cnr and Cnδr and wind velocities
with vertical fin loss.

contrast, it is difficult for the aircraft with only the NID controller
and without controller reconstruction to continue flight, because the
NID controller cannot take into account the change in the stability
derivative.

Scenario 2: The vertical fin is completely lost. The accident oc-
curs at t = 10.0 s. When the aircraft loses the vertical fin, the direc-
tional stability is almost lost and the rudder cannot be used. In such
a case, the aerodynamic derivatives that are functions of the verti-
cal fin shape CYβ, Cnβ, Clr , Cnr , Clδr , Cnδr change. Therefore, if the
estimated aerodynamic derivatives have abnormal values, the con-
troller is switched to output the required differential thrust instead
of the rudder deflections. The introduction of new control devices
is necessary to ensure the closed-loop stability and maintain con-
trollability of the system. The flight trajectories are compared in
Fig. 11. The time responses and the data of the aircraft estimated
by EKF/NID are shown in Figs. 12 and 13. Figure 13 illustrates
that the sign of the yaw damping derivative Cnr changes and the
control derivative Cnδr becomes zero at t = 10.0 s when the aircraft
loses the vertical fin. This indicates that the aircraft loses the direc-
tional stability and the control power of the rudder. Figure 13 also
indicates that these changes in the aerodynamic derivatives illus-
trated by dotted lines are successfully estimated by the EKF. After
the EKF can detect the loss of the vertical fin by estimating the as-
sociated aerodynamic derivatives, the controller is switched to the
differential thrust control immediately (approximately 0.04 s later).
Figure 12 shows that the rudder input becomes zero and the differ-
ential thrust is activated after the failure occurs. It is observed that
the differential thrust is oscillatory because there is a time delay in
the thrust change. However, the divergence in the transient motion
does not occur as shown in Fig. 12. Figure 11 illustrates that the
damaged aircraft can track the reference trajectory with EKF/NID,
which estimates both the change in aerodynamic derivatives and the
wind velocities and uses these changes to reconstruct the control
system. On the other hand, the aircraft cannot continue to track with
only the original NID controller, as shown in Fig. 11.

VII. Conclusions
A restructurable flight-control and guidance system for damaged

aircraft under gustsy conditions has been investigated. The extended
Kalman filter method can simultaneously identify both aerodynamic
derivatives and wind component velocities. The changes in the aero-
dynamic derivatives are used to detect aircraft failures and recon-
struct the nonlinear dynamic inversion control module that also uses
the estimated wind velocities to improve the tracking performance
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for a specified flight path. The parameter identification method is
verified using the flight-test data. The estimated wind velocities
show a good correlation with measured data obtained by the exper-
imental aircraft equipped with special sensors, and the estimated
aerodynamic derivatives indicate reasonable values. Two failure
cases—the aileron reverse case and the total loss of vertical fin
case—are simulated using differential thrust. While the problems
are simplified, that is, all the states can be measured without sensor
failure and failures are modeled as the sudden change in aerody-
namic derivatives, the simulation results indicate the effectiveness
of the proposed method. For future study, more realistic failure mod-
els should be investigated for multiple flight cases across the flight
envelope.
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