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ABSTRACT Structural damage induces extensive parameter changes of an aircraft, which leads to the
mismatch problem between the offline model and a flying aircraft. Due to extensive parameter changes,
motion of a damaged aircraft is difficultly described with a mathematical model. This article uses distur-
bances in accelerations and angular accelerations to quantify the effects of extensive parameter changes,
and derives a mathematical model for a damaged aircraft. Provided that the flight controller of a dam-
aged aircraft has a fixed structure, the mismatch problem may cause the aircraft unstable. Based on the
proposed mathematical model, this article proposed a reconfigurable nonlinear dynamic inversion (RNDI)
controller for attitude control of a structurally damaged aircraft, which synthesizes a nonlinear disturbance
observer (NDO) with a modified nonlinear dynamic inversion (NDI) controller. The NDO is explored to
estimate the disturbances in angular accelerations. Afterwards, the estimations are fed into the modified
NDI controller realizes control structure reconfiguration. Conventional NDI control law andmodel reference
adaptive control (MRAC) law are compared, and simulation results demonstrate that the proposed RNDI
control law is robust to structural damage and possesses satisfactory control performance.

INDEX TERMS Active fault-tolerant control, nonlinear dynamic inversion, nonlinear disturbance observer,
reconfigurable controller, attitude control, adaptive control, structurally damaged aircraft.

I. INTRODUCTION
Modern aircraft design requires that a flight control system
not only be equipped for various type of faults but also do
not experience performance degradation of nominal systems.
In the case of fault-tolerant control (FTC) of an aircraft, active
fault-tolerant control (AFTC) and passive fault-tolerant con-
trol (PFTC) are two common strategies. PFTC techniques are
designed to make the system remains insensitive to presumed
faults [1]–[3], [5], [6]. Typically, an AFTC is composed of the
following subsystems: a) Fault estimator; b) Controller recon-
figuration mechanism, and c) Reconfigurable controller. All
three subsystems have to work in harmony within the real
time constraints to achieve an effective AFTC system [7].
One of the outstanding superiorities of AFTC schemes is that
it does not appear to have performance degradation in the
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nominal situations, whereas PFTC achieves robustness at the
expense of decreased nominal performance [8].

Review article [7], [9] provide an extensive bibliographical
review on FTC. Book [10] elaborates background, bench-
mark, and techniques on FTC of aircrafts. Hallouzi and Ver-
haegen present a reconfigurable controller based on subspace
predictive control, which can not only handle anticipated
faults quickly but also unanticipated faults [11]. Joosten et al.
implement a reconfigurable controller via synthesizingmodel
predictive control and nonlinear dynamic inversion (NDI)
techniques, which allows an aircraft able to recover from
structural damage [12]. Lombaerts et al. investigate an adap-
tive nonlinear dynamic inversion controller based on online
physical model identification to deal with a structurally dam-
aged aircraft control problem [13]. Castaldi and Mimmo
develop an AFTC scheme based on a geometric approach
in case of actuator and sensor faults [14]. Beyond the above
model-based design methods, there is a different design
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FIGURE 1. Framework of a reconfigurable controller subject to structural damage.

philosophy in data-driven monitoring and safety control of
industrial cyber-physical systems, which takes advantage of
historical input-output data rather than the demanding knowl-
edge about the systems’ mechanism models [15]. Reference
[16]–[18] utilizes fuzzy adaptive control techniques to realize
AFTC when subjected to actuator faults. Kamal et al. pro-
posed a fuzzy multi-observer switching control strategy for
fault tolerant control of variable-speed wind energy conver-
sion systems in the presence of wide wind variation, wind
disturbance, parametric uncertainties, and sensors faults [16].
Shin and Kim present a reconfigurable flight controller which
uses online learning neural networks to compensate for a
backstepping controller in the presence of control surface
damage [19]. Although there are many AFTCmethods, it can
be classified into two categories. One is designing a bank of
controllers offline that switche according to the information
provided via estimators. The other is an online reconfigurable
controller that incorporates with an estimator. The common
philosophy of the two approaches is that the controller is
reconfigured according to posterior model information which
is recursively updated via synthesizing prior model informa-
tion and input-output data.

Aircraft faults can be classified into three categories:
actuator fault, sensor fault, and structural damage. Among
which, structural damage is much more challenging due
to the fault-induced extensive changes of aerodynamic
coefficients, manipulation coefficients, moments of inertia,
mass, and so on [2]. In the case of reconfigurable con-
trol for structurally damaged aircrafts, where our research
interest resides, research work is found in both dynam-
ics oriented study and a control oriented investigation.
Huang and Stengel investigated proportional-integral implicit
model-following control for a system with structural dam-
age [20]. Bodson and Groszkiewicz proposed a stabilized
recursive least-squares with a forgetting factor algorithm
for a damaged aircraft control [21]. Boskovic and Mehra
developed an intelligent adaptive reconfigurable control

scheme for a tailless advanced fighter aircraft in the pres-
ence of wings damage [22]. Lavretsky proposed a composite
model reference adaptive control (MRAC) for multi-input
multi-output dynamical systems with matched uncertainties
[23]. NASA proposed a hybrid direct-indirect neural network
adaptive control method and its performance was tested in a
medium-fidelity simulation environment with a partial wing
loss Generic Transport Model [24]. Patel et al. compared
the L1 adaptive controller with the conventional model ref-
erence adaptive control scheme to show improved transient
command tracking and time delay margin [25]. Jourdan pre-
sented results from a series of flight tests performed under
the DARPA-sponsored damage tolerance control program
and four control schemes were discussed and illustrated with
actual flight data [26].

Reference [27] proposed a nonlinear disturbance observer
(NDO) for fault diagnosis of aircrafts. Based on the pro-
posed NDO scheme, this paper investigates controller recon-
figurable mechanisms for a structurally damaged aircraft.
Fig.1 shows the framework of a reconfigurable scheme.
The estimator is based on a NDO and the reconfigurable
controller is based on Nonlinear dynamic inversion (NDI)
control. The estimator utilizes the information of actuators
and sensors, and generates the damage induced parameter
estimations. When there is no damage, the estimator outputs
are nearly zeros and the controller runs a nominal control law.
When damage occurs, the estimator delivers a new system
description and a new set of constraints to the controller.
Therefore, the controller is able to maintain overall sys-
tem stability with acceptable performance in spite of struc-
tural damage exists via reconfiguring the nominal control
law.

For the attitude control problem of a structurally damaged
aircraft, there are three difficulties:

1) Due to structural damage induces extensive parameter
changes, the motion of a structurally damaged aircraft
is difficultly modeled.

199932 VOLUME 8, 2020



Q. He et al.: RNDI for Attitude Control of a Structurally Damaged Aircraft

2) Disturbances in angular acceleration cannot directly
measured via onboard sensors.

3) States of structurally damaged aircrafts are strongly
nonlinear and coupling in a flight envelope. For con-
ventional NDI control laws, controlled states of an air-
craft do not contain Euler angles [28], and it has a fixed
structure which is sensitive to model uncertainties.

Specific to the above problems, this article:
1) uses disturbances in accelerations and angular accel-

erations to quantify the extensive parameter changes
induced by structural damage. Based on the quantiza-
tion, a mathematical model of a structurally damaged
aircraft is derived.

2) utilizes a NDO to estimate disturbances in angular
accelerations via fusing gyroscope and control surface
deflection measurements.

3) proposes a reconfigurable nonlinear dynamic inver-
sion (RNDI) control law via synthesizing a NDOwith a
modified NDI controller, which is able to control Euler
angles directly. It decouples states, cancels nonlinear-
ities, compensates model uncertainties, which makes
an aircraft not only possess consistent performance
without gain scheduling in a flight envelope, but also
be robust to structural damage.

II. PRELIMINARIES
This section elaborates upon knowledge of an improvedNDO
and NDI control law, which are key techniques applied in the
proposed reconfigurable scheme.

A. NONLINEAR DISTURBANCE OBSERVER
Conventional NDO algorithms require the availability of state
derivative measurements, while it is may not always met in
real applications. Chen et al. proposed an improved NDO
for the control of robot manipulators which removes this
restriction [29].

Consider a nonlinear system which can be written in:{
ẋ = f (x)+ B(x)u+ U (x)4
y = Cx

(1)

where: x, u, y, and 4 denote system states, control inputs,
system outputs, and model uncertainties respectively. And
f (x) represents nonlinear terms, B(x) represents the input
distribution matrix, U (x) represents uncertainty distribution
matrix, and C represents output distribution matrix and it is
assumed to be invertible. For the system that can be described
as the form of (1), there exists an improved NDO:{

ż = −l(x)U (x)z− l(x) [U (x)p(x)+ f (x)+ B(x)u]
4̂ = z+ p(x)

(2)

where: 4̂ indicates model uncertainty estimations, l(x) repre-
sents observer gain matrix, z is an auxiliary vector, and p(x)
is a function vector. Defining model uncertainty estimation
errors e4 as:

e4 = 4̂ − 4 (3)

Assuming model uncertainties 4 are constants:

4̇ = 0 (4)

Differentiating the equation (3) with respect to time and
substituting (1), (2), and (4) into it yields the estimation error
dynamic equation of the improved NDO:

ė4 =
˙̂
4 − 4̇

= (ż+
∂p(x)
∂x

ẋ)− 0

= −

[
l(x)U (x)(z+ p(x))−

∂p(x)
∂x

U (x)4
]

+ (
∂p(x)
∂x
− l(x))f (x)

+ (
∂p(x)
∂x
− l(x))B(x)u (5)

Provided that the observer gain matrix l(x) and the function
vector p(x) satisfy the relation:

l(x) =
∂p(x)
∂x

(6)

Substituting (2), (3), and (6) into (5), the estimation error
dynamic equation will reduce to:

ė4 = −l(x)U (x)e4 (7)

Which presents that model uncertainty estimation errors
are exponentially decayed to zeros in a finite time pro-
vided that the designed observer gain matrix l(x) makes the
state-transition matrix−l(x)U (x) Hurwitz stable all the time.
Therefore, the i-th element of the function vector p(x) can be
chosen as:

pi(x) = li1x1 + li2x2 + . . .+ linxn (8)

where: xi denotes the i-th state, and lij denotes the element
stay at the i-th row and j-th column of the observer gain
matrix l(x). In spite of assuming the model uncertain-
ties are constants, the improved NDO is able to estimate
non-constant model uncertainties with exponential decayed
estimation errors. Provided that the pole magnitudes assigned
to the estimation error dynamics are relatively big enough,
the improved NDO still possesses satisfactory performance
for the non-constant model uncertainty estimation problem.

B. NONLINEAR DYNAMIC INVERSION
For the nonlinear system (1), NDI control law is:

u = B−1(x)(ẋdes − f (x)− U (x)4) (9)

where: ẋdes denotes the desired close-loop system dynamic.
It is usually designed as a first order system:

ẋdes = K (xref − x) (10)

where: xref represents reference control objectives, and K
denotes gains of controller which are determined according
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to the real applications. Feeding the NDI control law (9) into
the nonlinear system (1) yields close-loop dynamics:{

ẋ = ẋdes = K (xref − x)
y = Cx

(11)

Implementing Laplace transformation to the close-loop
system (11) yields:

y(s) = C(sI + K )−1Kxref (s) (12)

Which means that the close-loop dynamics are first order
systems with time constants:

T = K−1 (13)

Defining the control errors as:

ex = xref − x (14)

Assuming the reference control objectives are constants:

ẋref = 0 (15)

Differentiating the equation (14) with respect to time and
substituting (11) and (15) into it yields the control error
dynamics:

ėx = ẋref − ẋ = −ẋ = −Kex (16)

Therefore, control errors are exponentially decayed to zeros
in a finite time provided that the gains of NDI control law are
chosen as positive scales.

III. RECONFIGURABLE CONTROLLER
This section elaborates on modeling and controller reconfig-
uration mechanisms for a structurally damaged aircrafts via
synthesizing improved NDO and NDI techniques.

A. STRUCTURALLY DAMAGED AIRCRAFT MODELING
Moment equations and force equations are dynamic equa-
tions of aircrafts that are influenced by structural damage.
While attitude equations and position equations are kine-
matic equations, they are not influenced by structural dam-
age. Structural damage induces extensive parameter changes
in an inertial matrix, aerodynamic coefficients, and so on.
It is impossible to consider all the parameters accurately.
This subsection utilizes additive disturbances in accelerations
and angular accelerations to quantify the structural damage
induced model uncertainties in dynamic equations.

1) MOMENT EQUATIONSṗq̇
ṙ

 = I−1b (

LM
N

−
pq
r

× Ib
pq
r

)+
4ṗ4q̇
4ṙ

 (17)

where: p, q, and r are rotational rates represented in body
frame, which are measured via gyroscopes. L, M , and N
are moments represented in body frame. 4ṗ, 4q̇, and 4ṙ
represent disturbances in angular accelerations, namely the

quantified model uncertainties induced by structural damage.
Ib is the inertia matrix defined as:

Ib =

 Ixx − Ixy − Ixz
−Ixy Iyy − Iyz
−Ixz − Iyz Izz

 (18)

2) ATTITUDE EQUATIONSφ̇θ̇
ψ̇

 =
1 tan θ sinφ tan θ cosφ
0 cosφ − sinφ
0 sinφ/ cos θ cosφ/ cos θ

pq
r

 (19)

where: φ, θ , and ψ represent Euler angles.

3) FORCE EQUATIONS u̇v̇
ẇ

=
 −g sin θ
g sinφ cos θ
g cosφ cos θ

−
qw−rvru−pw
pv−qu

+ 1
m+4m

X̄+4X̄Ȳ+4Ȳ
Z̄+4Z̄


(20)

Structural damage induced model uncertainties in force equa-
tions can be quantified by acceleration changes, and acceler-
ations can be directly measured. Therefore, force equations
can be represented as a simplified form: u̇v̇

ẇ

 =
 −g sin θ
g sinφ cos θ
g cosφ cos θ

−
qw− rvru− pw
pv− qu

+
AxAy
Az

 (21)

where:m denotes mass of an aircraft. g denotes gravity accel-
eration. u, v, and w are velocities represented in body frame.
Ax , Ay, and Az are accelerations represented in body frame. X̄ ,
Ȳ , and Z̄ are total forces represented in body frame.4m,4X̄ ,
4Ȳ , and 4Z̄ represents the quantified model uncertainties in
mass and forces.

4) POSITION EQUATIONSẋẏ
ż

 = T eb

uv
w

 (22)

where: x, y, and z represent positions in earth frame. T nb
denotes the coordinate transform matrix from body frame to
earth frame.

T eb =

cθcψ sφsθcψ − cφsψ cφsθcψ + sφsψ
cθsψ sφsθsψ + csφcψ cφsθsψ − sφcψ
−sθ sφcθ cφcθ


(23)

For simplicity, s(•), c(•) and t(•) denote sin(•), cos(•) and
tan(•) respectively.

B. RECONFIGURATION MECHANISM
Equations (17), (19), (21) and (22) make up a structurally
damaged aircraft motion model, among which L, M , N , and
Ib are calculated from wind tunnel test data. When structural
damage occurs, the offline model generated fromwind tunnel
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test data mismatches a real system. Therefore, 4ṗ, 4q̇, and
4ṙ are explored to compensate the errors between an offline
model and a real system. Whereas, 4ṗ, 4q̇, and 4ṙ are
unknown, it required to be estimated online according to
control inputs u and sensor measurements y. Provided that
there are accurate estimations of 4̂ṗ, 4̂q̇, and 4̂ṙ , the errors
between an offline model and a real system can be well
compensated.

1) ESTIMATOR
For a structurally damaged aircraft, improved NDO is
explored to estimate 4ṗ, 4q̇, and 4ṙ . For moments:LM

N

 = q̄S

b 0 0
0 c̄ 0
0 0 b

CLCM
CN

 (24)

where: q̄ denotes dynamic pressure, S denotes wing surface
area, b denotes wing span, and c̄ denotes mean aerodynamic
chord. CL , CM , and CN are rolling moment coefficient,
pitching moment coefficient, and yawing moment coefficient
respectively. The moment coefficients are online calculated
according to current states, control surface deflections, aero
data and so on, which can be represented as:CLCM

CN

=
CL̄CM̄
CN̄

+
CLδa 0 CLδr

0 CMδe
CNδa 0 CNδr

δaδe
δr

 (25)

where: CL̄ , CM̄ , and CN̄ represent all the terms except manip-
ulation related terms. Therefore the second term of equa-
tion (25) denotes the manipulation related terms, among
which CLδa , CLδr , CMδe , CNδa , and CNδr are manipulation
coefficients. δa, δe, and δr denote the deflections of aileron,
elevator, and rudder respectively. Substituting (24) and (25)
into (17) yields:ṗq̇
ṙ


= I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b

CL̄CM̄
CN̄

−
pq
r

× Ib
pq
r

)
+ I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr

δaδe
δr


+

4ṗ4q̇
4ṙ

 (26)

Selecting rotational rates as system states, and it can be
measured by gyroscopes:

x =

pq
r

 ≈
pmqm
rm

 (27)

where: pm, qm, and rm represent gyroscope measurements.
Control surface deflections are control inputs, and it is can be

measured by angle sensors:

u =

δaδe
δr

 ≈
δamδem
δrm

 (28)

where: δam, δem, and δrm represent deflection angle measure-
ments of aileron, elevator, and rudder respectively. Compar-
ing equations (26) with (1) yields:

f (x)= I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b

CL̄CM̄
CN̄

−
pq
r

× Ib
pq
r

) (29)

B(x)= I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr

 (30)

U (x)=

1 0 0
0 1 0
0 0 1

 (31)

4=

4ṗ4q̇
4ṙ

 (32)

Due to U (x) is a identity matrix, in order to make
the state-transition matrix −l(x)U (x) Hurwitz stable, the
observer gain matrix are designed as:

l(x) =

10 0 0
0 10 0
0 0 10

 (33)

Substituting (27) and (33) into equation (8) yields:

p(x) =

10 · pm10 · qm
10 · rm

 (34)

Substituting (27) - (34) into NDO (2) yields the estimations
of quantified structural damage induced model uncertainties
4̂ṗ, 4̂q̇, and 4̂ṙ :

ż1ż2
ż3

 =−
10 0 0
0 10 0
0 0 10


z1z2
z3


−

10 0 0
0 10 0
0 0 10

 {
10 · pm10 · qm
10 · rm


+ I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b


CL̄CM̄
CN̄

−
pmqm
rm

× Ib
pmqm
rm

)
+ I−1b q̄S

b 0 0
0 c̄ 0
0 0 b


CLδa 0 CLδr

0 CMδe
CNδa 0 CNδr


δamδem
δrm

}
4̂ṗ4̂q̇
4̂ṙ

 =
z1z2
z3

+
10 · pm10 · qm
10 · rm


(35)
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FIGURE 2. Architecture of reconfigurable nonlinear dynamic inversion for the attitude control of a structural damaged aircraft.

Remarks: For the conventionalMRAC control method, 4̂ṗ,
4̂q̇, and 4̂ṙ are calculated according to transformation of
equation (26):4̂ṗ4̂q̇
4̂ṙ


= −I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b

CL̄CM̄
CN̄

−
pmqm
rm

× Ib
pmqm
rm

)
− I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr

δamδem
δrm


+

ṗmq̇m
ṙm

 (36)

where: ṗm, q̇m, and ṙm are acquired via differentiating the
gyroscope measurements with respect to sample time.

2) RECONFIGURABLE ATTITUDE CONTROLLER
Fig.2 shows the architecture of the RNDI control law for the
attitude control problem of a structurally damaged aircraft.
It can be divided as two control loops, an attitude control loop
and a rotation rate control loop. According to equation (13),
the close-loop dynamics are first order systems with time
constants equal to K−1. Provided that the controller gains
K for a rotation rate control loop are much bigger than an
attitude control loop, the multi-states system control problem
can be decoupled into two cascaded reduced order subsystem
control problems.

For an attitude control loop, the state vector are Euler
angles which can be measured by a navigation system.

xatt =

φθ
ψ

 ≈
φmθm
ψm

 (37)

where: φm, θm, and ψm represent attitude measurements. The
inputs are the attitude reference signals:

Iatt =

φrefθref
ψref

 (38)

where: φref , θref , and ψref represent reference control objec-
tives. The outputs are rotation rate commands, and it is also
the virtual control inputs of the rotation rate control loop.

Oatt = uvir =

pcmdqcmd
rcmd

 (39)

where: pcmd , qcmd , and rcmd represent roll rate, pitch rate, and
yaw rate commands respectively. The desired dynamics of an
attitude control loop are:

ẋattdes =

φ̇desθ̇des
ψ̇des

 (40)

Desired dynamics are designed according to equation (10):

ẋattdes = Katt (Iatt − xatt ) (41)

where: Katt denotes the gain matrix for attitude control loop.
In this paper, gain matrix is designed as:

Katt =

2 0 0
0 2 0
0 0 2

 (42)

Comparing equation (19) with (1) yields:

fatt (x) = 0 (43)

Batt (x) =

1 tan θ sinφ tan θ cosφ
0 cosφ − sinφ
0 sinφ/ cos θ cosφ/ cos θ

 (44)

Uatt (x)4att = 0 (45)
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Substituting (37) - (45) into equation (9) yields control law
for the attitude control loop:pcmdqcmd
rcmd

 =
1 tan θm sinφm tan θm cosφm
0 cosφm − sinφm
0 sinφm/ cos θm cosφm/ cos θm

−1
2 0 0
0 2 0
0 0 2

φref − φmθref − θm
ψref − ψm

 (46)

For a rotation rate control loop, the state vector is rotation
rates which can be measured by gyroscopes.

xpqr =

pq
r

 ≈
pmqm
rm

 (47)

The inputs of the rotation rate control loop are the outputs of
the attitude control loop:

Ipqr = Oatt = uvir =

pcmdqcmd
rcmd

 (48)

The outputs are control surface deflection angles, and it is
also the control inputs of the aircraft.

Opqr = upqr =

δaδe
δr

 (49)

The desired dynamics of the rotation rate control loop are:

ẋpqrdes =

ṗdesq̇des
ṙdes

 (50)

Desired dynamics are designed according to equation (10):

ẋpqrdes = Kpqr (Ipqr − xpqr ) (51)

where: Kpqr denotes the gain matrix for the rotation rate con-
trol loop. In order to achieve control objectives, the desired
dynamics of a rotation rate control loop are required to be
faster than an attitude control loop. Therefore, the gains of a
rotation rate control loop are required to be bigger, and the
gain matrix of the rotation rate control loop is designed as:

Kpqr =

10 0 0
0 10 0
0 0 10

 (52)

Comparing equations (26) with (1) yields:

fpqr (x) = I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b

CL̄CM̄
CN̄

−
pq
r

× Ib
pq
r

)
(53)

Bpqr = I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr


(54)

Upqr (x) =

1 0 0
0 1 0
0 0 1

 (55)

Quantified uncertainties are defined as:

4pqr =

4ṗ4q̇
4ṙ

 (56)

The quantified uncertainties are unknown, while it can be
estimated via an improved NDO, which is presented in (35).

4̂pqr =

4̂ṗ4̂q̇
4̂ṙ

 (57)

Substituting (47) - (57) into equation (9) yields control law:δaδe
δr


= (I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr

)−1
{

10 0 0
0 10 0
0 0 10

pcmd − pmqcmd − qm
rcmd − rm

− I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b


CL̄CM̄
CN̄

−
pmqm
rm

× Ib
pmqm
rm

)−
4̂ṗ4̂q̇
4̂ṙ

} (58)

Remarks: For the NDI control method, controller struc-
tures are not changed in spite of structural damage occurs.
Therefore, NDI control law is:δaδe
δr


= (I−1b q̄S

b 0 0
0 c̄ 0
0 0 b

CLδa 0 CLδr
0 CMδe

CNδa 0 CNδr

)−1
{

10 0 0
0 10 0
0 0 10

pcmd − pmqcmd − qm
rcmd − rm

− I−1b (q̄S

b 0 0
0 c̄ 0
0 0 b


CL̄CM̄
CN̄

−
pmqm
rm

× Ib
pmqm
rm

)} (59)

C. STABILITY ANALYSIS
The reconfigurable flight control system is composed of a
reconfigurable attitude controller and an estimator. Augment-
ing the estimation errors to the control errors yields the
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TABLE 1. Control laws.

reconfigurable flight control system errors:

esys(x,4) =
[
ex
e4

]
=



φref − φ

θref − θ

ψref − ψ

pcmd − p
qcmd − q
rcmd − r
4̂ṗ −4ṗ

4̂q̇ −4q̇

4̂ṙ −4ṙ


(60)

Differentiating (60) with respect to time. Afterwards, substi-
tuting (7) and (16) into it yields:

ėsys(x,4)=−

Katt 0 0
0 Kpqr 0
0 0 l(x)U (x)

 esys(x,4) (61)

Selecting a Lyapunov candidate function for the reconfig-
urable flight control system as:

V (x,4) =
1
2
· eTsys(x,4)esys(x,4) (62)

Differentiating (62) with respect to time, and substituting (61)
into it yields:

V̇ (x,4)= eTsys(x,4)ėsys(x,4)

=−eTsys(x,4)

Katt 0 0
0 Kpqr 0
0 0 l(x)U (x)

 esys(x,4)
(63)

V (x,4) is positive defined and V̇ (x,4) is negative defined.
According to the Lyapunov theorem, the control system is
asymptotically stable.
Remarks: Big controller gains and drastic damage con-

tribute to big control surface deflections which result in con-
trol surfaces easily to be saturated. Control surface saturation
leads the control performance to degrade significantly, and it
may cause an aircraft be unstable. Namely, provided that the
control surface saturation does not occur, the proposed RNDI
control law is robust to structural damage.

IV. SIMULATION AND ANALYSIS
This section compares the proposed RNDI control method
with conventional NDI and MRAC control approaches via
a digital simulation. The corresponding equations of NDI,
MRAC, and RNDI control laws are presented in Table 1.
F-16 aircraft model is utilized and it is trimmed as level

flight with a velocity at 150 m/s and a height at 1000 m.
The trimmed states are shown in Table 2, and the trimmed

TABLE 2. Trimmed states.

TABLE 3. Trimmed inputs.

TABLE 4. Standard deviations of sensor noises.

inputs are shown in Table 3. Firstly, open-loop responses,
a rotation control loop and an attitude control loop are simu-
lated with given quantified model uncertainties. Afterwards,
a structurally damaged F-16 aircraft with extensive parameter
changes are simulated to demonstrate the effectiveness of
the proposed RNDI control method. Finally, these simulation
results are analyzed.

Control laws are designed according to state feedbacks,
and state information is acquired via sensor measurements.
Noises are inevitable in measurements and control system
performance is seriously affected by sensor noises. There-
fore, sensor noises should be considered. In this section,
sensor noises are assumed to be zero means and Gaussian
distributed. Table 4 shows the standard deviations of sensor
noises. Where: σVTAS represents standard deviation of pitot
tube sensor, σα , σβ represent standard deviations of airflow
angle sensors, σx , σy, σh, σφ , σθ , σψ , σax , σay , σaz , σp, σq, σr
represent standard deviations of integrated navigation system
sensors, σδe , σδa , σδr represent standard deviations of control
surface deflectionmeasurement sensors, and σδt denotes stan-
dard deviation of a throttle stick measurement sensor.

A. CONTROL LOOPS SIMULATIONS
In real flight, the quantified structural damage induced uncer-
tainties are unknown which are required to be estimated
online. In order to demonstrate the estimation performance of
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FIGURE 3. Rotation rates and attitude angles of open-loop responses.

FIGURE 4. Velocities and positions of open-loop responses.

the controlmethods, the quantified structural damage induced
uncertainties are injected to the model with known values.
Since damage tends to reduce the energy of an aircraft, the
quantified structural damage induced uncertainties are set as
negative values as:

4pqr =

4ṗ4q̇
4ṙ

 =
−5−5
−5

 (64)

It is injected into the simulation model since 10 sec, and the
uint is deg/s.

1) OPEN-LOOP RESPONSES
Fig.3 shows the rotation rate and attitude angle informa-
tion, and Fig.4 shows position and velocity information
of open-loop responses. The blue line denotes open-loop
responses of an aircraft without damage, and the red line
denotes open-loop responses of an aircraft with damage. The
blue line shows that the aircraft maintains stable level flight.
The red line shows that the aircraft falls and breaks at 26 sec
with a velocity at 205 m/s.

FIGURE 5. Rotation rates of the rotation rate control loop.

2) ROTATION RATE CONTROL LOOP
The control loops are divided according to the time-scale sep-
aration principle. The rotation rate control loop is inner-loop
of an attitude control loop since dynamics of rotation rates are
much faster than attitudes. Rotation rates usually vary quickly
that a pilot cannot manually complete control objectives,
therefore, the aim of an inner-loop design is to auto-stabilize
an aircraft when suffering unexpectable disturbances such as
damage.

Fig.5 shows rotation rate information of the rotation con-
trol loop. The red, cyan, and blue lines denote rotation rate
information of damaged aircraft controlled via NDI, MRAC,
and RNDI control methods respectively. Fig.6 shows quan-
tified structural damaged induced uncertainty estimations of
the rotation control loop. The red, cyan, and blue lines denote
injected uncertainties, uncertainty estimations of MRAC, and
uncertainty estimations of RNDI respectively.

Fig.5 demonstrates that rotation rates controlled via NDI
cannot be retained after structural damage occurred at
10 sec, while MRAC and RNDI control methods are able to
auto-stabilize a damaged aircraft. TheMRAC control method
appears decaying oscillations after damage occurred, whereas
the RNDI control method stabilizes an aircraft in a mild way.
The RNDI control method also possesses better uncertainty
estimation performance than the MRAC control method as
shown in Fig.6.

3) ATTITUDE CONTROL LOOP
An attitude control loop is relatively slow, which means that
pilot is able to manually complete control objectives. While
autopilot is able to precisely achieve control objectives in a
short time, therefore, reducing the burden on a pilot.

Fig.7 shows rotation rates and attitude angles of the attitude
control loop. The red, cyan, and blue lines denote rotation
rates and attitude angles of a structurally damaged aircraft
controlled via NDI, MRAC, and RNDI control methods
respectively. Fig.7 demonstrates that attitude angles con-
trolled via NDI control method cannot be retained after
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FIGURE 6. Uncertainty estimations of the rotation rate control loop.

FIGURE 7. Rotation rates and attitude angles of the attitude control loop.

damage occurred at 10 sec, while MRAC and RNDI control
methods are able to auto-stabilize the damaged aircraft. The
MRAC control method suffers decaying oscillations in rota-
tion rates after damage occurred, whereas the RNDI control
method is able to stabilize a damaged aircraft in a mild way.
For the MRAC control method, attitude angles also appear
slight decaying oscillations since the oscillations appeared in
the rotation rate control loop.

B. A STRUCTURALLY DAMAGED AIRCRAFT INSTANCE
In order to demonstrate the effectiveness of the proposed
RNDI control law in real applications, parameter changes
are validated in this subsection rather than injecting known
quantified model uncertainties to the model. Table 5 shows
assumptive parameter changes caused by structural damage.

Fig.8 shows rotation rates and attitude angles of a struc-
turally damaged aircraft controlled via the NDI, MRAC, and
RNDI control laws respectively. Fig.9 shows structural dam-
age induced uncertainty estimations of the MRAC and RNDI
control methods. Fig.10 shows the control surface deflections
of the structurally damaged aircraft.

TABLE 5. Parameter changes caused by structural damage.

FIGURE 8. States of a structurally damaged aircraft.

FIGURE 9. Uncertainty estimations of a structurally damaged aircraft.

Fig.9 shows that parameter changes induce relative large
uncertainty in the q channel, while relative small uncer-
tainties in the p and r channels. NDI control laws do not
possess uncertainty compensation mechanisms, a pitch angle
θ cannot be retained due to the structural damage induced
uncertainty in the q channel is not compensated. Whereas,
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FIGURE 10. Control surface deflections of a structurally damaged aircraft.

the MRAC and RNDI control methods do uncertainty com-
pensation according to the estimation results.

Dynamic responses of an aircraft are directly relevant to
control surface deflections, and control surface deflections
are relevant to uncertainty estimation results. From a steady
view, elevators do slight deflections after damage occurred,
which compensates the structural damage induced uncer-
tainty in the q channel, and ailerons and rudders do not deflect
apparently due to the uncertainty estimations in the p and r
channels are nearly zeros. From a dynamic view, oscillations
of theMRAC control method are more violent than the RNDI
control method due to the uncertainty estimations of the
MRAC control method are more noisy, and the oscillations of
the elevators and rudders cause the oscillations of the rotation
rates and attitude angles.

Noisy uncertainty estimations produce the oscillations of
the elevators and rudders. Compared to the MRAC control
method, the control surface deflections of the RNDI control
method are more mild since the uncertainty estimations of
the RNDI control method are less noisy. Beyond, Fig.10
also shows that control surface responses of the NDI control
method are similar to the RNDI control method, but elevator
deflections of the RNDI control method are bigger than the
NDI control method in 1 sec after damage occurred. Since
the differences in the elevator deflections, the RNDI control
method is able to retain the pitch angle θ and possesses
smaller variation in the rotation rate q after damage occurred.

C. RESULT ANALYSIS
Structural damage induces extensive parameter changes
which are unpredictable. A controller design is based on
an aircraft model, mismatches between an offline model
and a real aircraft lead to control performance degradation.
Conventional NDI controllers are designed based on offline
model, therefore it is not robust to the structural damage.

In order to overcome the mismatch problem after struc-
tural damage occurred, an online controller reconfiguration
strategy is adopted in this article. The core of an online

TABLE 6. RMSEs of uncertainty estimations for the rotation rate control
loop.

TABLE 7. STDs of uncertainty estimations for the damaged aircraft.

controller reconfiguration strategy is damage induced uncer-
tainty estimations, which delivers a new model description to
a controller. Afterwards, the controller reconfigures its struc-
tures according to the estimations. The proposed RNDI con-
trol method estimates quantified structural damage induced
model uncertainties via using a NDO, while the MRAC con-
trol method merely differentiates sensor measurements with
respect to a sample time.

As stated in section III, structural damage induces param-
eter changes can be quantified as additive uncertainties in
angular accelerations. In the rotation rate control loop simu-
lation, additive uncertainties are injected to the model and the
values are known, hence root mean square errors (RMSE) can
be utilized to evaluate its estimation performance. While in
the structurally damaged aircraft simulation, additive uncer-
tainty values are unknown, and RMSEs cannot be exploited
to evaluate the estimation performance. Instead of a RMSE,
standard deviations (STD) of the estimation results after
controller reconfiguration completed are used to evaluate the
estimation performance.

Table 6 shows the uncertainty estimation RMSEs of the
RNDI and MRAC control methods for the rotation rate con-
trol loop. Table 7 shows uncertainty estimation STDs of the
RNDI and MRAC control methods for the damaged aircraft.
Both RMSE and STD indices show that the RNDI control
method possesses a higher order estimation accuracy than
the MRAC control method. Sensor noises are inevitable,
and the differential operation of the MRAC control method
amplifies the sensor noises. Whereas, a NDO is able to obtain
high quality uncertainty estimations without a differential
operation. High quality uncertainty estimations mean that
a NDO delivers a more precise model description to the
reconfigurable controller which is crucial to control perfor-
mance. Fig.8 - Fig.10 show that noisy uncertainty estimations
of the MRAC control method lead to oscillations in control
surfaces and states. Whereas, oscillations do not appear in the
proposed RNDI control method, where the superiority lies in.

V. CONCLUSION
For model-based flight controller design, model uncertain-
ties and sensor noises deteriorate control performance sig-
nificantly. Structural damage induces extensive parameter
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changes of an aircraft, this article quantifies the extensive
parameter changes as model uncertainties in accelerations
and angular accelerations. The proposed RNDI controller is
composed of a NDO and a modified NDI controller. The
NDO is explored to estimate the uncertainties, and the esti-
mations are fed to the modified NDI controller. Simulation
results demonstrate that the proposed RNDI control law pos-
sesses a satisfactory control performance compared with NDI
and MRAC control laws.

NDI is a nonlinear control technique which need not
schedule gains in a flight envelope. But it is not robust to
model uncertainties, control performance degrades signifi-
cantly when model uncertainties exist. Based on the recon-
figuration mechanism proposed in this article, the MRAC
control method is robust to model uncertainties. But due
to the angular accelerations are acquired via differentiating
gyroscope measurements, which causes noise amplifications
in feedbacks. The noise amplifications lead to oscillations,
which are undesired in control system.

The proposed RNDI control law not only need not sched-
ule gains in a flight envelope, but also is robust to model
uncertainties. The quantified model uncertainties in angular
accelerations are estimated via a NDO. The NDO synthe-
sizes control inputs and sensor measurements, which need
not differentiate gyroscope measurements with respect to
sample time. Therefore, noise amplifications and oscilla-
tions are not appeared in the RNDI control method. But a
NDO increases computational complexity, which leads to
the RNDI control method possesses slowest running speed
compared with NDI and MRAC control methods. While,
as the growth of calculate ability of microprocessors, run-
ning a RNDI control law in real time is not a problem
at all.
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