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Abstract: The sensor-based Incremental Nonlinear Dynamic Inversion (INDI) control has
shown promising robustness in the aerospace research field. This control framework only requires
a partial knowledge of plant (control effectiveness) because of its usage of angular accelerations
and actuator output measurements. However, there are still un-negligible uncertainties of the
control effectiveness model in the flight control system, especially when the aircraft is subjected
to structural damage/actuator faults. This paper shows that the conventional INDI control fails
to satisfy the sufficient conditions for closed-loop stability in the presence of severe damage.
Therefore, this paper also proposes a predictor-based gain adaptive INDI control (named
PGA-INDI) which can successfully deal with control effectiveness parametric errors caused by
structural damage, actuator faults, and model uncertainties. Various simulations using a public
aircraft model have demonstrated the effectiveness of the proposed approach.
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Control Effectiveness Uncertainty.

1. INTRODUCTION

There is no doubt that aerospace systems are becoming
more intelligent, more autonomous, and more connected.
Modern aerospace vehicles can be affected by extremely
challenging uncertainties and new fault modes due to
rising system complexity and critical fight conditions. It
can be demonstrated that improving the performances of
the Fault Detection and Diagnosis (FDD), Fault-Tolerant
Control (FTC), and Fault-Tolerant Guidance (FTG) in
the flight control system can not only enhance the safety
of the system but also allows designers to optimize the
aircraft structural design (weight saving) and thus to
improve the aircraft performance and to decrease its
environmental footprint (less fuel consumption and noise).

Many researchers have focused on the development of the
methodologies for Fault-Tolerant Flight Control (FTFC)
systems, among which model-based fault diagnosis and
identification, Fault Estimation (FE), and active fault-
tolerant control (pseudo-inverse technique, multiple mod-
els, adaptive control, observer-based control) have many
advantages due to their high fault-tolerant ability. The
development and current status of FDD and FTC and
their application on aerospace are reviewed in Bošković
and Mehra (2003); Zhang and Jiang (2008); Jiang and Yu
(2012); Zolghadri et al. (2014). Among these works, the
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sensor-based incremental nonlinear control has shown its
promising robustness in flight control (Sieberling et al.
(2010); van Ekeren et al. (2018); Smeur et al. (2016)). The
Incremental Nonlinear Dynamic Inversion (INDI) control
scheme is to counteract (a part of) the nonlinear flight
dynamics with the help of sensor measurements/estimates
and derive a control law with incremental modulation for
the resulting system. Compared to the conventional tech-
niques, INDI methods make the controller has the fault-
tolerant ability and reduced model-dependency, which are
essential for safety-critical systems such as aircraft and
aerospace vehicle. More recently, this technique has been
applied in practice for quadrotors (Sun et al. (2020)),
small unmanned aircraft (van Ekeren et al. (2018)) and
a business jet aircraft (Keijzer et al. (2019)).

In the literature, only a few attempts have been made
on stability and control performance analysis of the INDI
control methods (Jeon et al. (2021); Wang et al. (2019b)).
The sufficient conditions for the closed-loop stability of the
INDI have been given in Wang et al. (2019b). Ensuring
accurate estimations of angular acceleration and control
effectiveness matrix is the key to enhancing the robustness
of INDI. In practice, this can be violated in a harsh en-
vironment, unexpected faults, and unknown disturbances.
Therefore, we need to develop an INDI control method
with high adaptivity and can relax the estimation accuracy
requirement on the control effectiveness matrix.
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and Mehra (2003); Zhang and Jiang (2008); Jiang and Yu
(2012); Zolghadri et al. (2014). Among these works, the

⋆ This work was supported by the National Natural Science Foun-
dation of China under Grant 62003252, 62073254.

sensor-based incremental nonlinear control has shown its
promising robustness in flight control (Sieberling et al.
(2010); van Ekeren et al. (2018); Smeur et al. (2016)). The
Incremental Nonlinear Dynamic Inversion (INDI) control
scheme is to counteract (a part of) the nonlinear flight
dynamics with the help of sensor measurements/estimates
and derive a control law with incremental modulation for
the resulting system. Compared to the conventional tech-
niques, INDI methods make the controller has the fault-
tolerant ability and reduced model-dependency, which are
essential for safety-critical systems such as aircraft and
aerospace vehicle. More recently, this technique has been
applied in practice for quadrotors (Sun et al. (2020)),
small unmanned aircraft (van Ekeren et al. (2018)) and
a business jet aircraft (Keijzer et al. (2019)).

In the literature, only a few attempts have been made
on stability and control performance analysis of the INDI
control methods (Jeon et al. (2021); Wang et al. (2019b)).
The sufficient conditions for the closed-loop stability of the
INDI have been given in Wang et al. (2019b). Ensuring
accurate estimations of angular acceleration and control
effectiveness matrix is the key to enhancing the robustness
of INDI. In practice, this can be violated in a harsh en-
vironment, unexpected faults, and unknown disturbances.
Therefore, we need to develop an INDI control method
with high adaptivity and can relax the estimation accuracy
requirement on the control effectiveness matrix.

Predictor-based Adaptive Incremental
Nonlinear Dynamic Inversion for
Fault-Tolerant Flight Control

Jing Chang ∗ Zongyi Guo ∗∗∗ Roeland De Breuker ∗∗

Xuerui Wang ∗∗

∗ School of Aerospace Science and Technology, Xidian University,
Xi’an, 710126, China (e-mail: jchang@xidian.edu.cn).

∗∗ Delft University of Technology; Kluyverweg 1, 2629HS, Delft, The
Netherlands. (e-mail: X.Wang-6@tudelft.nl, R.DeBreuker@tudelft.nl)

∗∗∗ Northwestern Polytechnical University, Xi’an, 710072, China,
(e-mail: guozongyi@nwpu.edu.cn)

Abstract: The sensor-based Incremental Nonlinear Dynamic Inversion (INDI) control has
shown promising robustness in the aerospace research field. This control framework only requires
a partial knowledge of plant (control effectiveness) because of its usage of angular accelerations
and actuator output measurements. However, there are still un-negligible uncertainties of the
control effectiveness model in the flight control system, especially when the aircraft is subjected
to structural damage/actuator faults. This paper shows that the conventional INDI control fails
to satisfy the sufficient conditions for closed-loop stability in the presence of severe damage.
Therefore, this paper also proposes a predictor-based gain adaptive INDI control (named
PGA-INDI) which can successfully deal with control effectiveness parametric errors caused by
structural damage, actuator faults, and model uncertainties. Various simulations using a public
aircraft model have demonstrated the effectiveness of the proposed approach.

Keywords: Fault-tolerant Flight Control, Incremental Nonlinear Dynamic Inversion, Predictor,
Control Effectiveness Uncertainty.

1. INTRODUCTION

There is no doubt that aerospace systems are becoming
more intelligent, more autonomous, and more connected.
Modern aerospace vehicles can be affected by extremely
challenging uncertainties and new fault modes due to
rising system complexity and critical fight conditions. It
can be demonstrated that improving the performances of
the Fault Detection and Diagnosis (FDD), Fault-Tolerant
Control (FTC), and Fault-Tolerant Guidance (FTG) in
the flight control system can not only enhance the safety
of the system but also allows designers to optimize the
aircraft structural design (weight saving) and thus to
improve the aircraft performance and to decrease its
environmental footprint (less fuel consumption and noise).

Many researchers have focused on the development of the
methodologies for Fault-Tolerant Flight Control (FTFC)
systems, among which model-based fault diagnosis and
identification, Fault Estimation (FE), and active fault-
tolerant control (pseudo-inverse technique, multiple mod-
els, adaptive control, observer-based control) have many
advantages due to their high fault-tolerant ability. The
development and current status of FDD and FTC and
their application on aerospace are reviewed in Bošković
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and derive a control law with incremental modulation for
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essential for safety-critical systems such as aircraft and
aerospace vehicle. More recently, this technique has been
applied in practice for quadrotors (Sun et al. (2020)),
small unmanned aircraft (van Ekeren et al. (2018)) and
a business jet aircraft (Keijzer et al. (2019)).

In the literature, only a few attempts have been made
on stability and control performance analysis of the INDI
control methods (Jeon et al. (2021); Wang et al. (2019b)).
The sufficient conditions for the closed-loop stability of the
INDI have been given in Wang et al. (2019b). Ensuring
accurate estimations of angular acceleration and control
effectiveness matrix is the key to enhancing the robustness
of INDI. In practice, this can be violated in a harsh en-
vironment, unexpected faults, and unknown disturbances.
Therefore, we need to develop an INDI control method
with high adaptivity and can relax the estimation accuracy
requirement on the control effectiveness matrix.

In this paper, a novel predictor-based gain adaptive INDI
control (denoted as PGA-INDI) is proposed. First, the
conditions for the closed-loop stability of conventional
INDI will be explored. Second, a predictor-based adaptive
technique is proposed to enhance the robustness of the
INDI method against uncertainties in the control effec-
tiveness matrix. Third, simulations are performed to show
the effectiveness of the proposed method in fault-tolerant
flight control problems.

The rest of the paper is organized as follows: In section
2, the aircraft attitude dynamics modeling with actuator
faults and structural damages are established. Section
3 introduces the predictor-based adaptive INDI control
design. The simulation results are performed in Section
4. Section 5 concludes this paper.

2. AIRCRAFT DYNAMIC MODELING WITH
ACTUATOR FAULTS AND STRUCTURAL DAMAGE

The normal six degrees of freedom nonlinear equations of
motion for a rigid aircraft in the body-fixed frame are given
by Wang (2019):


V̇
ω̇


=


mI 0
0 J

−1  −mω̃V + F
−mω̃Jω +M


(1)

where V = [u, v, w]T and ω = [p, q, r]T represent the
translation and rotational velocities of the body-fixed
frame relative to the inertial frame. m is the total mass. J
represents the inertia matrix, which is defined as

J =


Ixx 0 −Ixz
0 Iyy 0

−Ixz 0 Izz


(2)

where Ixx, Iyy, Izz, Ixz are second moments of inertia. The

(̃·) denotes the skew symmetric matrix of the correspond-
ing vector. F and M are the total force and moment vec-
tors, which incorporate gravitational, aerodynamic, and
thrust forces and moments. A typical aerodynamic model
for a fixed-wing aircraft is give in the form of:

Ma = q̄Sdiag([b, c̄, b])


Cl(β, r, p,Ma)
Cm(α, q,Ma)
Cn(β, r, p,Ma)



+



Cδa

l (α, β,Ma) 0 Cδr
l (α, β,Ma)

0 Cδe
m (α,Ma) 0

Cδa
n (α, β,Ma) 0 Cδr

n (α, β,Ma)




δa
δe
δr




Fa = q̄S


Cx(α, β, q, δe,Ma)
Cy(α, β, q, δe,Ma)
Cz(α, β, q, δe,Ma)



(3)
where α and β represents the angle of attack and the
sideslip angle, respectively. Ma is the Mach number. V
is the airspeed, δa, δe, δr are deflections of the ailerons,
elevator and rudder, respectively. Cl, Cm, Cn are the
rolling, pitching, and yawing moment coefficients, respec-
tively. The dynamic pressure is given by q̄ = 1

2ρaV
2 (ρa is

the air density). S, b, c̄ are the wing area, wing span, and
mean aerodynamic chord, respectively.

The kinematics of the sideslip angle β is derived as:

β̇ =
1√

u2 + w2
(Fβ,x + Fβ,yFβ,y + Fβ,zFβ,z)

+
wp√

u2 + w2
− ur√

u2 + w2

(4)

where
Fβ,x = − uv

V 2
(Ax − g sin θ)

Fβ,y = 1− v2

V 2
(Ay − g sinϕ cos θ)

Fβ,z = −vw

V 2
(Az + g cosϕ cos θ)

(5)

and A = [Ax, Ay, Az]
T denotes the specific force vector, g

is the gravitational acceleration.

The kinematics for Euler angles [ϕ, θ, ψ]T are given by

ϕ̇

θ̇

ψ̇


 =


1 sinϕ tan θ − cosϕ tan θ
0 cosϕ − sinϕ
0 sinϕ sec θ cosϕ sec θ


p
q
r


(6)

Actuator Fault The typical aircraft actuator faults in-
clude the loss of control surface area and control surface
jamming. When an aircraft is subjected to the loss of
control surface area fault, the corresponding aerodynamic
effects can be modeled by

Cj′

i = µiC
j
i , µi ∈ [0, 1], i = l,m, n, j = δa, δe, δr (7)

where (·′) indicating the post-failure condition.

If one of the ailerons is jammed at δ̄a, the induced force and
moment coefficients can be given by (Wang et al. (2019b))

∆Cl =
1

2
Cδa

l δ̄a, ∆Cn = −1

2
Cδa

n δ̄a, ∆Cy =
1

2
Cδa

y δ̄a,

∆Cz =
Cδa

l b

ray

, ∆Cm = −∆Clbrax

c̄ray

(8)
where ra = [rax , ray , raz ]

T is the position vector from
the center of mass (c.m.) to the aerodynamic center
of the jammed aileron. The induced force and moment
coefficients of one-side elevator jamming at δ̄e is calculated
by

∆Cz = −Cδe
m δ̄ec̄

2rex
, ∆Cm =

1

2
Cδe

m δ̄e, ∆Cl =
∆Czrey

b
(9)

with re = [rex, rey, rez]
T indicates the position vector from

c.m. to the aerodynamic center of the jammed elevator.

Structural Damage Structural damages may lead to: the
changes of aerodynamic properties, inertia properties, and
control effectiveness (Nabi et al. (2018); Zhang et al.
(2018)). Denote the distance vector from the original c.m.
O to the new c.m. location O′ as rOO′ = [r∆x, r∆y, r∆z]

T.
The equations of motion using the non-CM approach is
given by

V̇
ω̇


=


m′I S̃T

S̃ J ′

−1  −m′ω̃V − ω̃S̃Tω + F ′

−Ṽ S̃Tω − ω̃S̃V − ω̃J ′ω +M ′



(10)

where (̃·) denotes the corresponding skew-symmetric ma-
trix of the vector (·). S = [m′r∆x,m

′r∆y,m
′r∆z]

T is non-
zero when using the non-CM approach, which leads to
coupled translational and rotational motions.

In the presence of aircraft structural damage, the aero-
dynamic characteristics also change (Zhang et al. (2018);
Nabi et al. (2018)). The influences of wing, horizontal
stabilizer and vertical tail damages on aerodynamic co-
efficients are summarized in Table. 2. The vertical tail loss
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Table 1. The main influences of structural
damages on aerodynamic coefficients.

Damaged component Changed coefficients New coefficients

Horizontal stabilizer Cmα , Cmq ∆Clq

Vertical tail Cnβ , Cnr -

Wing Clα , Clβ , Clp ∆Clq ,∆Cl(α)

will also cause reductions in static and dynamic stabil-
ity on the directional axis with an approximately linear
relationship with the damage scale. The aerodynamic pa-
rameter changes due to the vertical tail tip loss are listed
in Eq. (11).

m′ = m(1−∆m), c′tip = Ctip(1 + δctip),

x′
c,g = xc,g(1−∆xc,g

), z′c,g = zc,g(1 + ∆zc,g )

I ′xx = Ixx(1−∆Ix), I ′yy = Iyy(1−∆Iy ),

I ′zz = Izz(1−∆Iz ), I ′zx = Ixz(1 + ∆Ixz )

(11)

The upper bounds of the changes are ∆m < 0.037,
δctip < 0.96, ∆Ix < 0.0289, ∆Iy < 0.021, ∆Iy < 0.105,
∆Izx < 0.709, ∆xc,g

< 0.037, ∆zc,g < 0.038 (see Zhang
et al. (2018) ).

Aircraft Dynamic Model for Attitude Control The typical
flight attitude control is designed to make an aircraft
robustly track references in roll and pitch angles while
minimizing the sideslip anlge β. The control variables for
high-performance aircraft in this subsection are chosen as
y = [ϕ, θ, β]T. In a general case, the aircraft is designed
to be symmetry with respect to the Oxy-plane. Thus,
Iyz = Ixz = 0. Then the nonlinear model corresponds
to the motion of a rigid-body aircraft leads to states x1 =
[ϕ, θ, β]T, x2 = [p, q, r]T and control input u = [δa, δe, δr]

T

with the following representation:


ẋ1 =




1 sinϕ tan θ − cosϕ tan θ
0 cosϕ − sinϕ
w√

u2+w2
0 − u√

u2+w2




  
g1(x1)

x2 +


0
0

f1(x)



  
f1(x)

ẋ2 = −J−1ω̃Jω + J−1Mf  
f2(x)

+J−1CM  
g2(x)

u

y = x1

(12)
where

f1(x1) =
uvg sin θ − (V 2 − v2)g sinϕ cos θ − vwg cosϕ cos θ

V 2
√
u2 + w2

+
−uvAx + (V 2 − v2)Ay − vwAz√

u2 + w2

CM = q̄S



bCδa

l (α, β,Ma) 0 bCδr
l (α, β,Ma)

0 c̄Cδe
m (α,Ma) 0

bCδa
n (α, β,Ma) 0 bCδr

n (α, β,Ma)




Mf = q̄S


bCl(β, r, p,Ma)
c̄Cm(α, q,Ma)
bCn(β, r, p,Ma)



An aircraft perturbed by model uncertainties, external
disturbances, structural damages, and actuator faults can
be modeled as: 

ẋ1 =f1(x) + g1(x1)x2

ẋ2 =f ′
2(x) + g′

2(x)u+ d
(13)

where d is the external disturbances caused by unknown
dynamics and wind gust. f ′

2(x) and g′
2(x) represent dy-

namics function subjected to faults/damage:

f ′
2(x) =(

1

m′ S̃S̃ + J ′)−1(S̃ω̃V − 1

m′ S̃ω̃S̃ω

− Ṽ S̃Tω − ω̃S̃V − ω̃J ′ω − 1

m′ S̃F
′ +M ′

f )

g′
2(x) =J−1CMΛ+


(
1

m′ S̃S̃ + J ′)−1 − J−1


CMΛ

  
∆g2(x)

(14)
where time varying diagonal matrixΛ = diag{w1, w2, w3} ∈
R3×3 models the scaling of the control effectiveness coeffi-
cients.

The object is to design a fault-tolerant flight controller
to make the output y asymptotically tracks its reference
signal yr = [yr1 , yr2 , yr3 ]

T in the presence of sensing
errors, model uncertainties, actuator faults, and structural
damage.

3. PREDICTOR-BASED ADAPTIVE INDI CONTROL
DESIGN

3.1 Conventional INDI with Fixed Gains

In Eq. (13), V, α, β,Ax, Ay, Az are measurable. Using
feedback linearization, the input-output mapping of the
aircraft attitude system can be represented as

ÿ =
∂[f1(x1) + g1(x1)x2]

∂x1
(f1(x1) + g1(x1)x2)+

g1(x1)(f
′
2(x) + g′

2(x)u)

(15)

Denote

α(x) =
∂[f1(x1) + g1(x1)x2]

∂x1
(f1(x1) + g1(x1)x2)

+ g1(x1)f
′
2(x),

B(x) =g1(x1)g
′
2(x)

(16)

which further leads to

ÿ = α(x) +B(x)u (17)

Define state ξ = [ϕ, ϕ̇, θ, θ̇, β, β̇]T. the attitude dynamics
in Eq. (13) can be transformed into a canonical form as

ξ̇ = Acξ +Bc[α(x) +B(x)u]

y = Ccξ
(18)

Taking the first-order Taylor series expansion of (17)
around the point at t − h (denoted by the subscript 0)
where h is the sampling period and x0 = x(t − h),u0 =
u(t− h), we obtain the incremental dynamics

ÿ =ÿ

0
+

∂[α(x) +B(x)u]

∂x


0
∆x

+B(x)

0
∆u+R1(x,u, h)

≜ÿ0 +A0(x)∆x+B0(x)∆u+R1(x,u, h)

(19)

and

R1(x,u, h) =
1

2!

∂2[α(x) +B(x)u]

∂2x


m
∆x2

+
1

2!

∂2[α(x) +B(x)u]

∂x∂u


m
∆x∆u

(20)

where (·)|m means the evaluating (·) at the neighborhood
where xm ∈ [x(t− h),x] and um ∈ [u(t− h),u]; ∆x and
∆u represent the state and control increments.
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will also cause reductions in static and dynamic stabil-
ity on the directional axis with an approximately linear
relationship with the damage scale. The aerodynamic pa-
rameter changes due to the vertical tail tip loss are listed
in Eq. (11).
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flight attitude control is designed to make an aircraft
robustly track references in roll and pitch angles while
minimizing the sideslip anlge β. The control variables for
high-performance aircraft in this subsection are chosen as
y = [ϕ, θ, β]T. In a general case, the aircraft is designed
to be symmetry with respect to the Oxy-plane. Thus,
Iyz = Ixz = 0. Then the nonlinear model corresponds
to the motion of a rigid-body aircraft leads to states x1 =
[ϕ, θ, β]T, x2 = [p, q, r]T and control input u = [δa, δe, δr]

T

with the following representation:
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u2+w2




  
g1(x1)
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0
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y = x1
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where

f1(x1) =
uvg sin θ − (V 2 − v2)g sinϕ cos θ − vwg cosϕ cos θ

V 2
√
u2 + w2

+
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CM = q̄S



bCδa

l (α, β,Ma) 0 bCδr
l (α, β,Ma)

0 c̄Cδe
m (α,Ma) 0

bCδa
n (α, β,Ma) 0 bCδr

n (α, β,Ma)




Mf = q̄S


bCl(β, r, p,Ma)
c̄Cm(α, q,Ma)
bCn(β, r, p,Ma)



An aircraft perturbed by model uncertainties, external
disturbances, structural damages, and actuator faults can
be modeled as: 

ẋ1 =f1(x) + g1(x1)x2

ẋ2 =f ′
2(x) + g′

2(x)u+ d
(13)

where d is the external disturbances caused by unknown
dynamics and wind gust. f ′

2(x) and g′
2(x) represent dy-

namics function subjected to faults/damage:

f ′
2(x) =(

1

m′ S̃S̃ + J ′)−1(S̃ω̃V − 1
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− Ṽ S̃Tω − ω̃S̃V − ω̃J ′ω − 1

m′ S̃F
′ +M ′

f )

g′
2(x) =J−1CMΛ+


(
1

m′ S̃S̃ + J ′)−1 − J−1


CMΛ

  
∆g2(x)

(14)
where time varying diagonal matrixΛ = diag{w1, w2, w3} ∈
R3×3 models the scaling of the control effectiveness coeffi-
cients.

The object is to design a fault-tolerant flight controller
to make the output y asymptotically tracks its reference
signal yr = [yr1 , yr2 , yr3 ]

T in the presence of sensing
errors, model uncertainties, actuator faults, and structural
damage.

3. PREDICTOR-BASED ADAPTIVE INDI CONTROL
DESIGN

3.1 Conventional INDI with Fixed Gains

In Eq. (13), V, α, β,Ax, Ay, Az are measurable. Using
feedback linearization, the input-output mapping of the
aircraft attitude system can be represented as

ÿ =
∂[f1(x1) + g1(x1)x2]

∂x1
(f1(x1) + g1(x1)x2)+

g1(x1)(f
′
2(x) + g′

2(x)u)

(15)

Denote

α(x) =
∂[f1(x1) + g1(x1)x2]

∂x1
(f1(x1) + g1(x1)x2)

+ g1(x1)f
′
2(x),

B(x) =g1(x1)g
′
2(x)

(16)

which further leads to

ÿ = α(x) +B(x)u (17)

Define state ξ = [ϕ, ϕ̇, θ, θ̇, β, β̇]T. the attitude dynamics
in Eq. (13) can be transformed into a canonical form as

ξ̇ = Acξ +Bc[α(x) +B(x)u]

y = Ccξ
(18)

Taking the first-order Taylor series expansion of (17)
around the point at t − h (denoted by the subscript 0)
where h is the sampling period and x0 = x(t − h),u0 =
u(t− h), we obtain the incremental dynamics

ÿ =ÿ

0
+

∂[α(x) +B(x)u]

∂x


0
∆x

+B(x)

0
∆u+R1(x,u, h)

≜ÿ0 +A0(x)∆x+B0(x)∆u+R1(x,u, h)

(19)

and

R1(x,u, h) =
1

2!

∂2[α(x) +B(x)u]

∂2x


m
∆x2

+
1

2!

∂2[α(x) +B(x)u]

∂x∂u


m
∆x∆u

(20)

where (·)|m means the evaluating (·) at the neighborhood
where xm ∈ [x(t− h),x] and um ∈ [u(t− h),u]; ∆x and
∆u represent the state and control increments.

Denote r = [yr1 , ẏr1 , yr2 , ẏr2 , yr3 , ẏr3 ]
T. Define the tracking

error vector as e = ξ − r. Then, the error dynamics are
given by

ė =Ace+Bc(ÿ0 +B0(x)∆u− ÿr

+A0(x)∆x+R1(x,u, h))
(21)

The incremental control law for stabilizing the error dy-
namics is then designed as

∆uindi = B̂
−1

0 (x)
(
vc − ˆ̈y0

)
, u = u0 +∆uindi (22)

where vc = −Ke + ÿr, B̂0(x) is the identified nominal

model; ˆ̈y0 is the measured or estimated signal of ÿ0; K
is designed to make (Ac − BcK) Hurwtiz. Substituting
Eq. (22) into Eq. (21), we have

ė =(Ac −BcK)e+

Bc((B0(x)B̂
−1

0 (x)− I)(vc − ˆ̈y0) + ˜̈y0 + δ(x, h))

=(Ac −BcK)e+Bcεindi
(23)

with

δ(x, h) = [A0(x)∆x+R1(x,u)]
∣∣∣
x=x0,u=u0+∆uindi

(24)

εindi = (B0(x)B̂
−1

0 (x)− I)(vc − ˆ̈y0) + ˜̈y0 + δ(x, h) (25)

˜̈y0 = ÿ0 − ˆ̈y0 (26)

Define the derivative error in the condition point as ëy,0 =
ÿ0 − ÿr,0 and the incremental reference derivative around
the condition point as ∆ÿr = ÿr− ÿr,0, the error dynamics
can also be written as

ė =(Ac −BcB0(x)B̂
−1

0 (x)K)e+Bc(ÿ0 − ÿr)

+Bc(B0(x)B̂
−1

0 (x)(ÿr − ˆ̈y0 + δ(x, h))

=
(
Ac −BcB0(x)B̂

−1

0 (x)K
)

︸ ︷︷ ︸
A⋆(x)

e

+Bc

(
I −B0(x)B̂

−1

0 (x)
)

︸ ︷︷ ︸
Φ0(x)

(ëy,0 −∆ÿr)

+Bc

[
B0(x)B̂

−1

0 (x)˜̈y0 + δ(x, h)
]

︸ ︷︷ ︸
∆̃(z,h)

=A⋆(x)e+BcΦ0(x)ëy,0 −BcΦ0(x)∆ÿr +Bc∆̃(x, h)

=A⋆(x)e+BcΦ0(x)(B
T
c ė(t− h)−∆ÿr) +Bc∆̃(x, h)

(27)
Assume that the partial derivatives of α(x) and B(x)
with respect to x of any order are bounded. Because
of the continuity of x, limh→0 ∥∆x∥ → 0. Therefore,
limh→0 ∥δ(x, h)∥ → 0. This inquality indicates that ∀δ̄ >
0, ∃h̄ > 0, such that ∥δ(x, h)∥ ≤ δ̄, for all h ∈ (0, h̄).
In other words, there exists a h that guarantees the
boundedness of δ(x, h). Since ˜̈y0, yr ∈ L∞ and r is a
continuous signal by assumption, it can be shown that
∆ÿr, ∆̃(z, h) ∈ L∞.

Using the Laplace transform, we obtain the polynomial
equation for the system (27)

D(s) = s(I −BcΦ0(x)B
T
c e

−hs)−A⋆(x) (28)

Define λ0 = sup{Re(s)| det(D(s)) = 0}. The system
(27) is stable only if λ0 < 0. Thus, it is common for

current INDI method design to assume that the model
uncertainties will satisfying the condition ∥Φ0(x)∥ ≤ b̄ < 1
and the sampling period h is small enough, which could
ensure λ0 < 0. However, in harsh scenarios, ∥Φ0(x)∥ >
1 can happen. The multiplicative uncertainties in the
matrix B0(x) and delay in the measurement of angular
accelerations could violate the stability condition of INDI
control.

3.2 Predictor-Based INDI Design

In this paper, we focus on improving robustness against
control effectiveness matrix uncertainties caused by model
uncertainties, structural damages, and actuator faults.
The condition ∥Φ0(x)∥ < 1 can be violated in severe
damage cases or disturbing environment. Adaptive control
techniques can be used to estimate these parametric uncer-
tainties to augment the INDI control law and to enhance
robustness against uncertainties.

The incremental input-output mapping of the system can
be rewritten in the form

ÿ = ÿ0 + B̄0(x)Λ∆u+∆u(x,u, h) (29)

where B̄0(x) ∈ R3×3 is the known norminal control ma-
trix, Λ is unknown slow time-varying control degradation
matrix ,∆u(x,u, h) indicates the model uncertainty terms
as continuous functions of x,u, h.

Assumption 1. The unknown nonlinear time-varying state-
dependent uncertainty ∆u(x,u, h) can be linearly param-
eterized as

∆u(x,u, h) = W T
u ϕu(x,u, h) + εu (30)

where Wu ∈ Rqu×3 is an unknown slow time-varying
parametric matrix that satisfies ∥Wu∥ ≤ w⋆

u and ϕu(x) :
R9 → Rqu is a set of known basis functions, εu is the
bounded state-independent disturbance with ∥εu∥ ≤ ϵ⋆.

Assumption 2. We also assume that the control direction
sign(Λ) is known and the faulty system is controllable.

For a controllable system, given a desired Hurwitz matrix
Aref, there must exist a possible unknown gain matrix
Kx(x), such that

Aref = Ac +BcB̄0(x)ΛKx(x) = Ac −BcK (31)

Using (31) and (30), we rewrite the error system dynamics
in (21) as

ė =Arefe+BcB̄0(x)Λ[∆u−Kx(x)e

+Λ−1B̄−1
0 (x)︸ ︷︷ ︸

Kv(x)

(ÿ0 +W T
u ϕu(x,u) + εu − ÿr)] (32)

The predictor-based gain adaptive INDI control input
∆up-indi is proposed as

∆up-indi = K̂x(x)e−K̂v(x)(ˆ̈y0+Ŵ T
u ϕu(x,u)−ÿr) (33)

where K̂x ∈ R3×3, K̂v ∈ R3×3 and Ŵu ∈ Rqu×3 are
adaptive time-varying matrices, for which the dynamics
will be defined later.

Substituting Eq. (33) into Eq. (32), yields

ė =Arefe+BcB̄0(x)Λ(K̃x(x)e

− K̃v(x)(ˆ̈y0 + Ŵ T
u ϕu(x,u)− ÿr))

+Bc(˜̈y0 + W̃ T
u ϕu(x,u) + εu)

(34)

where K̃x(x) = K̂x(x) − Kx(x), W̃u = Ŵu − Wu, and

K̃v(x) = K̂v(x)−Kv(x).
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The incremental predictor dynamics are formulated as

ż = Aprd(z − e) +Arefe (35)

Let ê = z−e represents the prediction errors. The tracking
and prediction error dynamics can be derived as

ė = Arefe−BcB̄0(x)ΛK̃v(x)(ˆ̈y0 + Ŵ T
u ϕu(x,u)− ÿr)

+BcB̄0(x)ΛK̃x(x)e+Bc(˜̈y0 + W̃ T
u ϕu(x,u) + εu)

˙̂e = Aprdê+BcB̄0(x)ΛK̃v(x)(ˆ̈y0 + Ŵ T
u ϕu(x,u)− ÿr)

−BcB̄0(x)ΛK̃x(x)e−Bc(˜̈y0 + W̃ T
u ϕu(x,u) + εu)

(36)
Choose the following predictor-based adaptive laws:

K̂x(x) = −Υ̂B̄−1
0 (x)K, K̂v(x) = Υ̂B̄−1

0 (x)
˙̂
Υ = Γe[B̄

−1
0 (x)(ˆ̈y0 + Ŵ T

u ϕu(x,u)− ẏr)

+ B̄−1
0 (x)Ke]ēTB̄0(x)sign(Λ)

˙̂
W = −Γwϕu(x,u)ē

T

(37)

where Γe = ΓT
e > 0, Γw = ΓT

w > 0, and ēT = (eTPref −
êTPprd)Bc.

Theorem 3. If Assumptions 1-2 are satisfied for the at-
titude dynamics in Eq. (29), then using the proposed
predictor-based control law in Eq. (33) with the adaptive
gains in Eq. (37), the aircraft attitude tracking error e
and predictor error ê in Eq. (36) are globally ultimately
bounded.

Proof. Consider the following candidate Lyapunov func-
tion:

V =eTPrefe+ êTPprdê

+ trace(Υ̃TΓ−1
e Υ̃|Λ|) + trace(W̃ TΓ−1

w W̃ )
(38)

where Pref = P T
ref > 0, Pprd = P T

prd > 0, and

AT
refPref + PrefAref = −Qref,

AT
prdPprd + PprdAprd = −Qprd

(39)

with positive definite matrices Qref and Qprd.

For simplicity in the notation, the arguments of the time-
dependent and state-dependent vectors and matrices are
omitted in the rest of this paper. The time derivative of V
evaluated along Eq. (36) yields

V̇ =− eTQrefe− êTQprdê

+ 2(eTPref − êTPprd)BcB̄0ΛK̃xe

− 2(eTPref − êTPprd)BcB̄0ΛK̃v(ˆ̈y0 − ÿ)

− 2(eTPref − êTPprd)BcB̄0ΛK̃vŴ
T
u ϕu

+ 2(eTPref − êTPprd)Bc(˜̈y0 + W̃ T
u ϕu + εu)

+ 2 trace(Υ̃TΓ−1
e

˙̂
Υ|Λ|) + 2 trace(W̃ TΓ−1

e
˙̂
W )

=− eTQrefe− êTQprdê− 2ēTB̄0ΛΥ̃B̄−1
0 Ke

− 2ēTB̄0ΛΥ̃B̄−1
0 (ˆ̈y0 + Ŵ T

u ϕu − ÿr)

+ 2ēT(˜̈y0 + W̃ T
u ϕu + εu)

+ 2 trace(Υ̃TΓ−1
e

˙̂
Υ|Λ|) + 2 trace(W̃ TΓ−1

w
˙̂
W )

=− eTQrefe− êTQprdê+ 2ēT(˜̈y0 + εu)

+ 2 trace(W̃ T(Γ−1
w

˙̂
W + ϕuē

T))

+ 2 trace(Υ̃T(Γ−1
w

˙̂
Υ− B̄−1

0 KeēTB̄0sign(Λ)

− B̄−1
0 (ˆ̈y0 + Ŵ T

u ϕu − ÿr)ē
TB̄0sign(Λ))|Λ|)

(40)

Substituting the adaptive law Eq.(37) into Eq. (40), im-
plies that

V̇ =− eTQrefe− êTQprdê

+ 2(eTPref − êTPprd)Bc(˜̈y0 + εu)

≤ −λmin(Qref)∥e∥2 − λmin(Qprd)∥ê∥2

+ 2(δ̄0 + ϵ⋆)(∥PrefBce∥∥PprdBcê∥)

(41)

where δ̄0 ≥ ∥˜̈y0∥, which proves uniform ultimate bound-

edness of e, ê, Υ̃, W̃ . Since the ideal values of Υ,W are
bounded and their estimation errors Υ̃, W̃ are bounded,
then their estimated values are bounded as well.

4. NUMERICAL SIMULATIONS

In this section, the proposed adaptive INDI control law in
Sec. 3 will be numerically evaluated on a public model of
F-16 Nguyen (1979). Actuators are modeled with second-
order linear dynamics with rate and position limits (pa-
rameters from Table 2 of Ref. Wang et al. (2019a)).
This initial airspeed V = 600 ft/s and altitude h =
12000 ft. The initial attitude states for the aircraft are
x1 = [0, 0, 0]◦,x2 = [0, 0, 0]◦/s. Parametric uncertainties
are added to the mass m, the moment of inertia J , wing
area S, wing span b, and mean aerodynamic chord c̄ with a
maximum of five percent. The angular acceleration sensor
is modeled with first-order linear system G(s) = 1

0.0125s+1 .
In addition, the measurement noise level of angular accel-
eration measurements are set to 0.1 m.s−2.

The fault cases considered in this section include the ef-
fectiveness loss of rudder, aileron, elevator, and structural
damage. The influences of actuator faults and structural
damage are modeled using the method in Sec. 2. To be
specific, the elevator lost 50% of its effectiveness at 3 s, the
aileron lost 40% of its effectiveness and the rudder has lost
60% of the effectiveness at 5 s, respectively. Meanwhile,
the uncertainties in the effectiveness for rudder, aileron,
elevator with w1 = 1.8 at t = 13s , and w2 = 1.3, w3 = 1.5
at t = 15s, are considered. Moreover, the right aileron
runs away and get jammed at t = 3 s with δ̄a = 15.05◦.
Also, at t = 5 s, the left elevator is jammed downwards
at δ̄e = −12.5◦. Apart from these actuator faults, the
right wing lost 25% of its area at t = 3 s, the entire left
horizontal tail is lost at t = 5 s, and a half of the vertical
tail is lost at t = 7 s.

For the numerical simulations presented in this section,
the control parameters are set as: Γe = diag[10, 10, 10],
Γw = 0.5, and

K = [diag{8, 8, 8}, diag{6, 6, 6}],
Pprd = diag{0.5, 0.67, 0.83, 0.4, 0.5, 0.5}

Pref =




8.8333 0 0 0.1667 0 0
0 8.8333 0 0 0.1667 0
0 0 8.8333 0 0 0.1667

0.1667 0 0 0.5333 0 0
0 0.1667 0 0 0.5333 0
0 0 0.1667 0 0 0.5333




(42)

The simulation results are showed in Fig. 1 - Fig. 5, which
clearly show that the proposed approach exhibits excellent
tracking performances for the angle of attack, sideslip
angle and the bank angle in spite of multiple uncertainties,
actuator faults and structural damages. In this simulated
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The incremental predictor dynamics are formulated as

ż = Aprd(z − e) +Arefe (35)

Let ê = z−e represents the prediction errors. The tracking
and prediction error dynamics can be derived as

ė = Arefe−BcB̄0(x)ΛK̃v(x)(ˆ̈y0 + Ŵ T
u ϕu(x,u)− ÿr)

+BcB̄0(x)ΛK̃x(x)e+Bc(˜̈y0 + W̃ T
u ϕu(x,u) + εu)

˙̂e = Aprdê+BcB̄0(x)ΛK̃v(x)(ˆ̈y0 + Ŵ T
u ϕu(x,u)− ÿr)

−BcB̄0(x)ΛK̃x(x)e−Bc(˜̈y0 + W̃ T
u ϕu(x,u) + εu)

(36)
Choose the following predictor-based adaptive laws:

K̂x(x) = −Υ̂B̄−1
0 (x)K, K̂v(x) = Υ̂B̄−1

0 (x)
˙̂
Υ = Γe[B̄

−1
0 (x)(ˆ̈y0 + Ŵ T

u ϕu(x,u)− ẏr)

+ B̄−1
0 (x)Ke]ēTB̄0(x)sign(Λ)

˙̂
W = −Γwϕu(x,u)ē

T

(37)

where Γe = ΓT
e > 0, Γw = ΓT

w > 0, and ēT = (eTPref −
êTPprd)Bc.

Theorem 3. If Assumptions 1-2 are satisfied for the at-
titude dynamics in Eq. (29), then using the proposed
predictor-based control law in Eq. (33) with the adaptive
gains in Eq. (37), the aircraft attitude tracking error e
and predictor error ê in Eq. (36) are globally ultimately
bounded.

Proof. Consider the following candidate Lyapunov func-
tion:

V =eTPrefe+ êTPprdê

+ trace(Υ̃TΓ−1
e Υ̃|Λ|) + trace(W̃ TΓ−1

w W̃ )
(38)

where Pref = P T
ref > 0, Pprd = P T

prd > 0, and

AT
refPref + PrefAref = −Qref,

AT
prdPprd + PprdAprd = −Qprd

(39)

with positive definite matrices Qref and Qprd.

For simplicity in the notation, the arguments of the time-
dependent and state-dependent vectors and matrices are
omitted in the rest of this paper. The time derivative of V
evaluated along Eq. (36) yields

V̇ =− eTQrefe− êTQprdê

+ 2(eTPref − êTPprd)BcB̄0ΛK̃xe

− 2(eTPref − êTPprd)BcB̄0ΛK̃v(ˆ̈y0 − ÿ)

− 2(eTPref − êTPprd)BcB̄0ΛK̃vŴ
T
u ϕu

+ 2(eTPref − êTPprd)Bc(˜̈y0 + W̃ T
u ϕu + εu)

+ 2 trace(Υ̃TΓ−1
e

˙̂
Υ|Λ|) + 2 trace(W̃ TΓ−1

e
˙̂
W )

=− eTQrefe− êTQprdê− 2ēTB̄0ΛΥ̃B̄−1
0 Ke

− 2ēTB̄0ΛΥ̃B̄−1
0 (ˆ̈y0 + Ŵ T

u ϕu − ÿr)

+ 2ēT(˜̈y0 + W̃ T
u ϕu + εu)

+ 2 trace(Υ̃TΓ−1
e

˙̂
Υ|Λ|) + 2 trace(W̃ TΓ−1

w
˙̂
W )

=− eTQrefe− êTQprdê+ 2ēT(˜̈y0 + εu)

+ 2 trace(W̃ T(Γ−1
w

˙̂
W + ϕuē

T))

+ 2 trace(Υ̃T(Γ−1
w

˙̂
Υ− B̄−1

0 KeēTB̄0sign(Λ)

− B̄−1
0 (ˆ̈y0 + Ŵ T

u ϕu − ÿr)ē
TB̄0sign(Λ))|Λ|)

(40)

Substituting the adaptive law Eq.(37) into Eq. (40), im-
plies that

V̇ =− eTQrefe− êTQprdê

+ 2(eTPref − êTPprd)Bc(˜̈y0 + εu)

≤ −λmin(Qref)∥e∥2 − λmin(Qprd)∥ê∥2

+ 2(δ̄0 + ϵ⋆)(∥PrefBce∥∥PprdBcê∥)

(41)

where δ̄0 ≥ ∥˜̈y0∥, which proves uniform ultimate bound-

edness of e, ê, Υ̃, W̃ . Since the ideal values of Υ,W are
bounded and their estimation errors Υ̃, W̃ are bounded,
then their estimated values are bounded as well.

4. NUMERICAL SIMULATIONS

In this section, the proposed adaptive INDI control law in
Sec. 3 will be numerically evaluated on a public model of
F-16 Nguyen (1979). Actuators are modeled with second-
order linear dynamics with rate and position limits (pa-
rameters from Table 2 of Ref. Wang et al. (2019a)).
This initial airspeed V = 600 ft/s and altitude h =
12000 ft. The initial attitude states for the aircraft are
x1 = [0, 0, 0]◦,x2 = [0, 0, 0]◦/s. Parametric uncertainties
are added to the mass m, the moment of inertia J , wing
area S, wing span b, and mean aerodynamic chord c̄ with a
maximum of five percent. The angular acceleration sensor
is modeled with first-order linear system G(s) = 1

0.0125s+1 .
In addition, the measurement noise level of angular accel-
eration measurements are set to 0.1 m.s−2.

The fault cases considered in this section include the ef-
fectiveness loss of rudder, aileron, elevator, and structural
damage. The influences of actuator faults and structural
damage are modeled using the method in Sec. 2. To be
specific, the elevator lost 50% of its effectiveness at 3 s, the
aileron lost 40% of its effectiveness and the rudder has lost
60% of the effectiveness at 5 s, respectively. Meanwhile,
the uncertainties in the effectiveness for rudder, aileron,
elevator with w1 = 1.8 at t = 13s , and w2 = 1.3, w3 = 1.5
at t = 15s, are considered. Moreover, the right aileron
runs away and get jammed at t = 3 s with δ̄a = 15.05◦.
Also, at t = 5 s, the left elevator is jammed downwards
at δ̄e = −12.5◦. Apart from these actuator faults, the
right wing lost 25% of its area at t = 3 s, the entire left
horizontal tail is lost at t = 5 s, and a half of the vertical
tail is lost at t = 7 s.

For the numerical simulations presented in this section,
the control parameters are set as: Γe = diag[10, 10, 10],
Γw = 0.5, and

K = [diag{8, 8, 8}, diag{6, 6, 6}],
Pprd = diag{0.5, 0.67, 0.83, 0.4, 0.5, 0.5}

Pref =




8.8333 0 0 0.1667 0 0
0 8.8333 0 0 0.1667 0
0 0 8.8333 0 0 0.1667

0.1667 0 0 0.5333 0 0
0 0.1667 0 0 0.5333 0
0 0 0.1667 0 0 0.5333




(42)

The simulation results are showed in Fig. 1 - Fig. 5, which
clearly show that the proposed approach exhibits excellent
tracking performances for the angle of attack, sideslip
angle and the bank angle in spite of multiple uncertainties,
actuator faults and structural damages. In this simulated

scenario, it can be seed from Fig. 4 that ∥Φ0(x)∥ > 1 after
t = 3 s. Even through ∥Φ0(x)∥ > 1 happens, the tracking
performance is improved with adaptive gains (comparing
Fig. 1 with Fig. 2 ). It can be seen from the attitude
tracking responses in Fig. 2 that the proposed method has
decreased tracking errors compared to the conventional
INDI control with fixed gains.

It can be seen from Fig. 3 that the right aileron is jammed
at t = 3 s and left elevator is jammed at t = 5 s.
From the deflection of control surfaces in Figs. 3, the
control amplitudes of PGA-INDI are slightly sharper than
conventional INDI in some local time, which leads to a
faster attitude tracking performance. The adaptation of
the gains Γ̂ can be observed in Figs. 5. It shows that
the gains swiftly adapt to the injection of faults and
uncertainties.
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Fig. 2. Attitude tracking errors.

5. CONCLUSION

A novel adaptive INDI control method for fault accom-
modation of aircraft is proposed in this paper. The INDI
control idea is integrated with a predictor-based adaptive
law to improve the aircraft attitude tracking performance
against control effectiveness uncertainties. This paper has
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theoretically analyzed that the performance of INDI is
influenced by the sensing error bound and the control
effectiveness matrix estimation. Given this, this paper
proposes a predictor-based adaptive incremental nonlin-
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ear dynamic inverse control, denoted as PGA-INDI, with
guaranteed stability. Simulations verify the effectiveness of
this method on an attitude tracking problem of an aircraft
subjects to sensing errors, actuator faults, and structural
damage.
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