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Abstract: This paper presents autonomous landing of Unmanned Aerial Vehicles (UAVs) under
unknown external disturbances and internal plant parameter uncertainties. The external disturbances
such as wind shear, wind gust and ground effects are considered. The plant parameters uncertainties are
also considered due to aerodynamic force and moment coefficients random perturbation. L1 adaptive
controller with piece-wise-constant adaptation law is augmented over Nonlinear Dynamic Inversion
(NDI) autopilot and implemented on Six Degree of Freedom (Six-DOF) model of a UAV. The NDI
autopilot with two time scale separation is designed for the nominal plant. It tracks a reference trajectory
computed from a path planning and guidance algorithm under undisturbed plant model with normal
environment conditions. The L1 adaptive controller takes into account the disturbances and computes
the adaptive control command which enables the plant trajectory tracking closer to the desired reference
trajectory. The state predictor is designed to track the plant states smoothly by incorporating proportional
and integral error terms in the state predictor model. The piece-wise-constant adaptive law is designed to
estimate the unknown disturbances. The unknown disturbance estimates are used to design the adaptive
control law to nullify the effect of the disturbance on the plant performance. The algorithm is simulated
to show the auto landing performance on a Six-DOF UAV model.
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1. INTRODUCTION

The autonomous landing plays a very important role for UAVs.
The landing phase of flight is considered as one of the most
critical phase as it requires precision and smoothness and
minimum delay. During landing, the UAV may be severely
affected by the external disturbances such as crosswinds, wind
shear, wind gusts and the ground effects. Most UAVs accidents
occurred due to low level wind shear while they attempt to take
off and land Frost and Bowles (1984). Ground effect during
landing causes induced lift and reduced drag due to which
the sink rate of UAV is reduced and it takes long runway to
touchdown.

In the literature many control strategies are developed for
auto-landing. Nonlinear controllers such as NDI Singh and
Padhi (2009) can be used for auto landing however it has the
problem of singularity as well as it requires the full state of the
system. The NDI autopilot does not account for the unknown
disturbances and its robustness performance is poor. The other
control strategies are Feedback linearization controller Prasad
and Pradeep (2007); Wagner and Valasek (2007) are also used
for auto landing problem but they also have linearization and
gain scheduling limitations.

Adaptive control techniques are very effective to deal with
uncertainties and parameter variations in the system dynamics.
The philosophy of the L1 adaptive state feedback controller

for unmatched uncertainties Hovakimyan and Cao (2010) is
to obtain an estimate of the uncertainties and define a control
signal which compensates for the effect of these uncertainties
on the output within the bandwidth of low-pass filters intro-
duced in the feedback loop. These filters guarantee that the
L1 adaptive controller stays in the low-frequency range even
in the presence of fast adaptation and large reference inputs.
Adaptation is based on a piecewise constant adaptive law Peter
et al. (2012) and uses the output of a state predictor to update
the estimate of the uncertainties.

The path planning and guidance is designed for autonomous
landing. The autonomous landing comprise of mainly three
phases Prasad and Pradeep (2007) such as alignment and ap-
proach phase, where UAV aligns with the runway by correcting
the heading. Next is glideslope phase, where the UAV follows a
fixed ramp path with constant flight path angle until it reaches a
flare height. During the glideslope phase UAV descends with a
higher sink rate. Once the flare height is achieved the UAV fol-
lows a exponential trajectory until the touchdown point. Flare
is an important phase of UAV and the altitude control should
be very efficient as well as ground effects are also dominant in
this phase due to proximity with ground. The different phases
of autolanding is shown in Fig. 1.

L1 adaptive controller compensates for the uncertainty within
the the bandwidth of the low pass filter. The significant benefit
of L1 adaptive control architecture is that it does not invert
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Fig. 1. Auto-landing Phases of an Unmanned Ariel Vehicle

the system dynamics. L1 adaptive controller simultaneously
computes the actual plant dynamics and predictor dynamics
and computes the error between the states of the two dynamics.
This error is fed to the piece wise constant adaptive law which
computes the estimated parameter uncertainty. This estimated
parameter uncertainty is used to compute the L1 adaptive con-
troller commands.

2. MATHEMATICAL MODEL OF UAV

Simulations require an accurate and realistic mathematical
model of the dynamical system under nominal and perturbed
conditions. The nominal Six-DOF model as well as Six-DOF
model with wind disturbances and ground effect are described
in this section for AE-2 UAV.

2.1 Nonlinear UAV State Dynamics

Assuming the UAV to be a rigid body and earth to be flat
the complete set of Six-DOF model equations are provided in
Stevens et al. (2015); Anderson (2007).

Nominal Six-DOF Equations The Nominal Six-DOF equa-
tions for AE-2 model is provided as follows

U̇ = RV −QW −gsinθ +Xa +Xt (1)

V̇ = PW −RU +gsinφcosθ +Ya (2)

Ẇ = QU −PV +gcosφcosθ +Za (3)

Ṗ = c1RQ+ c2PQ+ c3La + c4Na (4)

Q̇ = c5PR+ c6(R2 −P2)+ c7(Ma +Mt) (5)

Ṙ = c8PQ− c2RQ+ c4La + c9Na (6)

φ̇ = P+Qsinφ tanθ +Rcosφ tanθ (7)

θ̇ = Qcosφ −Rsinφ (8)

ψ̇ = Qsinφsecθ +Rcosφsecθ (9)

ḣ =Usinθ −V sinφcosθ −Wcosφcosθ (10)
Where, coefficients c1 − c9 are functions of moment of inertia
Ixx, Iyy, Izz and Ixz as provided in Stevens et al. (2015). Nonlinear
Six-DOF model is taken from data available in Chawla and
Padhi (2011).

2.2 UAV Aerodynamic Model with Uncertainties

In this section, the UAV mathematical model with wind shear,
wind gust and ground effect uncertainties will be described. The
Six-DOF equations of motion with wind effects are derived by
Etkin Etkin (2012) considering zero or constant wind.

Translational Kinematic Equations Wind Shear: Spatial and
temporal variations of wind into Six-DOF model was proposed
by Frost and Bowles (1984) as follows




ẋ
ẏ
ḣ


=




U cosθ cosψ +V (sinφ sinθ cosψ − cosφ sinψ)
+W (cosφ sinθ cosψ + sinφ sinψ)+WxE
U cosθ sinψ +V (sinφ sinθ sinψ + cosφ cosψ)
+W (cosφ sinθ sinψ − sinφ cosψ)+WyE

U sinθ −V sinφ cosθ −W cosφ cosθ −WzE




(11)

Translational Dynamics with Wind Shear: Translational dy-
namics is affected by wind shear as well as wind shear rates.
Time varying winds are most difficult to handle. In the lit-
erature, controllers are designed considering constant rate of
change of wind shear Frost and Bowles (1984).




U̇
V̇
Ẇ


=




R(V +WyB)−Q(W +WzB)−ẆxB −gsinθ +
Xa +Xt

m
P(W +WzB)−R(U +WxB)−ẆyB +gsinφ cosθ +

Ya

m
Q(U +WxB)−P(V +WyB)−ẆzB +gcosφ cosθ +

Za

m




(12)

3. NONLINEAR DYNAMIC INVERSION BASED
GUIDANCE AND CONTROLLER DESIGN

Guidance design for glideslope and flare phases are described
as follows

3.1 Glideslope Phase

The glideslope phase is shown in Fig. 1. The UAV follows a
ramp path with constant slope which is given by flight path
angle γ . The (xg,0,hg) is the point where the glide starts. The
point (0,0,0) shown in the figure is the origin of the inertial
frame and it also shows the beginning of the runway. The
point (x f ,0,h f ) shows the beginning of the flare and end of
the glideslope. The point (xg0,0, ,hg0) which is nothing but the
projection of the glideslope path to the ground. The typical
reference γ is in the range 2.5◦ − 3.5◦. The desired slope of
the path γ∗ can be computed as

γ∗ = arctan
(

hg −hg0

xg − xg0

)
(13)

we know that hg0 = 0. Therefore for any arbitrary point (x,h)
on the glideslope path, the desired height h∗ can be computed
as

h∗ = (x− xg0) tanγ∗ (14)

3.2 Flare Phase

The flare phase of the landing is very critical phase due to
its proximity with ground. The UAV descent rate is tightly
controlled in this region. The trajectory of the flare considered
in this paper is exponential. The desired height of the UAV is
expressed as a function of downrange.

h∗ = hc +(h f −hc)e−kx(x−x f ) (15)

The unknowns in the above equation are flare height h f , dis-
tance at which to start flare x f , height below ground where flare
trajectory should end hc and constant kx. The four unknowns
can be computed by imposing the following constraints on the
Eq.(15).
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projection of the glideslope path to the ground. The typical
reference γ is in the range 2.5◦ − 3.5◦. The desired slope of
the path γ∗ can be computed as

γ∗ = arctan
(

hg −hg0

xg − xg0

)
(13)

we know that hg0 = 0. Therefore for any arbitrary point (x,h)
on the glideslope path, the desired height h∗ can be computed
as

h∗ = (x− xg0) tanγ∗ (14)

3.2 Flare Phase

The flare phase of the landing is very critical phase due to
its proximity with ground. The UAV descent rate is tightly
controlled in this region. The trajectory of the flare considered
in this paper is exponential. The desired height of the UAV is
expressed as a function of downrange.

h∗ = hc +(h f −hc)e−kx(x−x f ) (15)

The unknowns in the above equation are flare height h f , dis-
tance at which to start flare x f , height below ground where flare
trajectory should end hc and constant kx. The four unknowns
can be computed by imposing the following constraints on the
Eq.(15).
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Initial Condition The point where glideslope ends and flare
begins should satisfy the constraints of both the trajectory.
Therefore imposing that we obtain that,

h f =−(x f − xg0) tanγ∗ (16)

Initial Slope The slope of the glideslope should be same as
the slope of the flare at the flare beginning point.

(h f −hc)kx = tanγ∗ (17)

Touchdown Condition At touchdown point x= xtd the h∗ = 0.

0 = hc +(h f −hc)e−kx(xtd−x f ) (18)

Sink Rate at Touchdown Condition The descent rate at touch-
down should be equal to predefined sink rate.

ḣ∗t =−(h f −hc)kxẋtde−kx(xtd−x f ) (19)
The flight path angle can be computed with known sink rate at
touchdown. Let the known sink rate is ḣ∗t then flight path angle
γ at touchdown can be computed as γ = sin−1(ḣ∗t /V ).

3.3 NDI Controller Design

Nonlinear Dynamic Inversion (NDI) controller is designed for
a nonlinear dynamical system. The system should be affine
in control. The UAV Six-DOF model has fast and slow state
dynamics. Fast and slow state dynamics can be separated using
time scale separation. The slower state dynamics uses fast states
as control input and faster state dynamics uses actual control
input.

Ẋs = fs(X)+gs(X)Xf , Ẋ f = f f (X)+g f (X)νbl , (20)

X = [Xs,Xf ], X(0) = X0, Y = h(Xs) (21)
where, X(t) ∈ Rn, U(t) ∈ Rm and Y (t) ∈ Rp are state, control
and output vectors respectively of nonlinear dynamical system.
The system is assumed to be point wise controllable. The
objective is to design the baseline control νbl so that output Y
tracks the commanded signal Y ∗ as t → ∞. The Y ∗ is assumed
to be bounded, smooth and slowly varying.

Using the chain rule of derivative, the expression for Ẏ can be
written as

Ẏ = fY (X)+gY (X)Xf (22)

where, fY (X) �
[

∂h
∂Xs

]
fs(X) and gY (X) �

[
∂h
∂Xs

]
gs(X). Next,

we define E1 � Y −Y ∗ and synthesize controller such that the
first order error dynamics is satisfied.

Ė1 +K1E1 = 0 (23)
where, K1 is a positive definite matrix. It can be chosen as
diagonal matrix with positive elements. The elements represent
the ’settling time constant’. Using the definition of E1 and
substituting the Ẏ from Eq.(22) in Eq.(23), we can obtain the
control expression after carrying out simple algebra

Xf
∗ = gY (X)−1 [− fY (X)−K1(Y −Y ∗)+ Ẏ ∗] (24)

Similarly, one can obtain the obtain the following by imposing
first order error dynamics with positive definite matrix K2 and
define error define E2 � Xf −Xf

∗

νbl =
[
g f (X)

]−1 [− f f (X)−K2(Xf −Xf
∗)+ Ẋ f

∗] (25)
NDI contol technique provides close form solution without
any computational difficulties. However, it requires an accurate
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Fig. 2. Auto landing Architecture

knowledge of plant model. In the absence of accurate knowl-
edge of plant model tracking will not be perfect and this dif-
ficulty can be addressed by augmenting NDI with L1 adaptive
controller. Fig.2 shows the over all auto landing architecture
where NDI controller in two loop structure is the baseline con-
troller and L1 adaptive controller in two time separation loops
augments the baseline NDI controller.

4. L1 ADAPTIVE CONTROLLER DESIGN

This section describes L1 adaptive controller for a class of multi
input multi output systems in the presence of uncertain sys-
tem input gain and time and state dependent unknown nonlin-
earities, without enforcing matching conditions. The adaptive
algorithm ensures uniformly bounded transient response for
the systems signals, both input and output, simultaneously, in
addition to steady state tracking.

L1 adaptive controller is used where the system requires a better
transient response, fast adaptation and robustness. L1 adaptive
controller does not use gain scheduling. It uses a prediction
logic, adaptive gain logic and a low pass filter in controller
command computation to eliminate high frequency signal con-
tent from controller output. The problem formulation using
L1 Adaptive control algorithm is presented in the following
subsections.

4.1 Inner Loop L1 Adaptive Control Design

L1 Adaptive Augmentation for Inner Loop is designed as fol-
lows. The inner loop uncertainties are estimated and control
laws are designed Peter et al. (2012) to nullify the effect of
disturbances.

The Eq.(4) to Eq.(6) can be re written as

ẇr = Âr(∧rνr + fr)+ B̂r (26)

Âr = q̄S




c3b 0 c4b
0 c7c 0

c4b 0 c9b


 , ∧r =




Clδa
0 0

0 Cmδe 0
0 0 Cnδ r


 ,νr =




δa
δe
δr




fr =




Clβ (α)β +Clp(α)P̄+Clr(α)R̄
Cm0 +Cmα (α)α +Cmβ (α,β )β +Cmq(α)Q̄

Cnβ (α)β +Cnp(α)P̄+Cnr(α)R̄




and
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B̂r =




c1RQ+ c2PQ
c5PR+ c6(R2 −P2)+ c7Mt

c8PQ− c2RQ




The terms are defined as B̂r - Nominal nonlinearities of the
dynamics, Âr - Approximate input matrix of the dynamics, ∧r
- Control effectiveness and fr - Nonlinear term.

In order to design the inner loop state predictor, the plant dynamics
in L1 framework is provided as

ẇr = Ârνr + B̂r +σr, σr = Âr[(∧r − I)νr + fr] (27)

where σr is Composite Uncertainty and it estimates the uncer-
tainties in the approximate model represented by Âr and B̂r.

Piece Wise Constant Adaptive Laws: Predictor equation for
the inner loop state dynamics is given as

˙̂wr = Ârνr + B̂r + σ̂r −Kepwr ẽwr −Kepiwr
ẽiwr (28)

˙̂eiwr = êwr − σ̂νr (29)
Where the prediction error terms are defined as

ẽwr = ŵr −wr, ẽiwr =
∫

[ŵr −wr]dt (30)

The prediction error dynamics is given as

˙̃ewr = σ̂r −σr −Kepwr ẽwr −Kepiwr
ẽiwr (31)

Error Dynamics: Error Dynamics for inner loop L1 adaptive
control is provided as[

˙̃eiwr
˙̃ewr

]
=

[
0 I

−Kepiwr
−Kepwr

][
ẽiwr
ẽwr

]
+

[
−σ̂νr

σ̂r −σr

]

The uncertainty estimates for inner loop can be computed as
follows

[
−σ̂ νr

σ̂r

]
=

[
I 0
0 I

]
φ−1

r µr(iTs)

where the parameters can be expressed as

φr =−
[

0 I
−Kepiwr

−Kepwr

]−1 (
exp

([
0 I

−Kepiwr
−Kepwr

]
Ts

)
− I

)
(32)

and

µr(iTs) = exp
([

0 I
−Kepiwr

−Kepwr

]
Ts

)[
ẽiwr(iTs)
ẽwr(iTs)

]

4.2 Outer Loop L1 Adaptive Control Design

L1 Adaptive augmentation for outer Loop is designed as fol-
lows. The outer loop uncertainties are estimated and control
laws are designed to nullify the effect of disturbances Peter
et al. (2012).

The Eq.(1) to Eq.(3) can be re written as follows
Żro = Âro(∧roωro + fro)+ B̂ro (33)

Where, the terms are defined as

Âro =



−q̄S/m 0 0

0 q̄S/m 0
0 0 −q̄S/m


 , fro =




x0 +Cxα +Cxδe
δe

Cyβ β +Cyδa
δa +Cyδr

δr

z0 +Czα +Czβ β +Czδe
δe




∧ro =




0 Cxq(c/2VT ) 0
Cyp(b/2VT ) 0 Cyr(b/2VT )

0 Czq(c/2VT ) 0


 (34)

ωro =

[ P
Q
R

]
, B̂ro =

[ Xt −gsinθ +RV −QW
gcosφ cosθ +QU −PV
gsinφ cosθ +PW −RU

]

In order to design the outer loop state predictor, the plant
dynamics in L1 framework is provided as

Żro = Âroωro + B̂ro +σro, σro = Âro[(∧ro − I)ωro + fro] (35)

Where, σro is Composite Uncertainty and it estimates the
uncertainties in the approximate model represented by Âro and
B̂ro.

Piece Wise Constant Adaptive Laws: Predictor equation for
the outer loop is provided as follows

˙̂Zro = Âroωro + B̂ro + σ̂ro −Kepwro ẽwro (36)

ẽwro = Ẑro −Zro (37)
˙̃ewro = σ̂ro −σro −Kepwro ẽwro (38)

Outer loop piece wise constant adaptation laws are given as
follows

σ̂ro(t) =−φ−1
ro µro(iTs) t ∈ [iTs,(i+1)Ts) (39)

φro = (−Kepwro )
−1(e−Kepwro Ts − I) (40)

µro(iTs) = e−Kepwro Ts ẽwro(iTs) (41)

Outer loop adaptive control is provided as

ωado =Cro(s)(Âro)
−1 [−σ̂ro] (42)

Inner loop adaptive control is provided as Shivendra N Tiwari
and Padhi (2016)

νad =Cr(s)(Âr)
−1

[
−σ̂r +Kpωado +KI

∫
ωado dt + ω̇ado

]

(43)

Total Control computed for the plant is addition of baseline
NDI controller and L1 adaptive controller.

ν=νbl +νad (44)

5. SIMULATION RESULTS

This section presents the results for auto landing of a UAV
with Six-DOF model. The low pass filters are designed for
each case as well as the adaptive gains are also set based on
problem requirement. The UAV autonomous landing trajectory
is shown in Fig. 3. During the glide-slope path, the UAV follows
the −30 ramp trajectory. Once the decision height is obtained
the exponential flare trajectory is tracked. The Six-DOF plant
is perturbed with wind shear, wind gust and ground effects,
initial position of the UAV is set as [−1500,20,50]. The Fig. 3
shows performance of NDI controller for a nominal plant, NDI
controller for plant with uncertainties, NDI augmented with L1
adaptive controller for plant with uncertainties. It can be seen in
the Fig. 3 that when UAV approaches ground, the ground effect
comes into existence at around twice the wingspan(b = 2m)
altitude. The NDI autopilot is not able to track the desired
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B̂r =




c1RQ+ c2PQ
c5PR+ c6(R2 −P2)+ c7Mt

c8PQ− c2RQ




The terms are defined as B̂r - Nominal nonlinearities of the
dynamics, Âr - Approximate input matrix of the dynamics, ∧r
- Control effectiveness and fr - Nonlinear term.

In order to design the inner loop state predictor, the plant dynamics
in L1 framework is provided as

ẇr = Ârνr + B̂r +σr, σr = Âr[(∧r − I)νr + fr] (27)

where σr is Composite Uncertainty and it estimates the uncer-
tainties in the approximate model represented by Âr and B̂r.

Piece Wise Constant Adaptive Laws: Predictor equation for
the inner loop state dynamics is given as

˙̂wr = Ârνr + B̂r + σ̂r −Kepwr ẽwr −Kepiwr
ẽiwr (28)

˙̂eiwr = êwr − σ̂νr (29)
Where the prediction error terms are defined as

ẽwr = ŵr −wr, ẽiwr =
∫

[ŵr −wr]dt (30)

The prediction error dynamics is given as

˙̃ewr = σ̂r −σr −Kepwr ẽwr −Kepiwr
ẽiwr (31)

Error Dynamics: Error Dynamics for inner loop L1 adaptive
control is provided as[

˙̃eiwr
˙̃ewr

]
=

[
0 I

−Kepiwr
−Kepwr

][
ẽiwr
ẽwr

]
+

[
−σ̂νr

σ̂r −σr

]

The uncertainty estimates for inner loop can be computed as
follows

[
−σ̂ νr

σ̂r

]
=

[
I 0
0 I

]
φ−1

r µr(iTs)

where the parameters can be expressed as

φr =−
[

0 I
−Kepiwr

−Kepwr

]−1 (
exp

([
0 I

−Kepiwr
−Kepwr

]
Ts

)
− I

)
(32)

and

µr(iTs) = exp
([

0 I
−Kepiwr

−Kepwr

]
Ts

)[
ẽiwr(iTs)
ẽwr(iTs)

]

4.2 Outer Loop L1 Adaptive Control Design

L1 Adaptive augmentation for outer Loop is designed as fol-
lows. The outer loop uncertainties are estimated and control
laws are designed to nullify the effect of disturbances Peter
et al. (2012).

The Eq.(1) to Eq.(3) can be re written as follows
Żro = Âro(∧roωro + fro)+ B̂ro (33)

Where, the terms are defined as

Âro =



−q̄S/m 0 0

0 q̄S/m 0
0 0 −q̄S/m


 , fro =




x0 +Cxα +Cxδe
δe

Cyβ β +Cyδa
δa +Cyδr

δr

z0 +Czα +Czβ β +Czδe
δe




∧ro =




0 Cxq(c/2VT ) 0
Cyp(b/2VT ) 0 Cyr(b/2VT )

0 Czq(c/2VT ) 0


 (34)

ωro =

[ P
Q
R

]
, B̂ro =

[ Xt −gsinθ +RV −QW
gcosφ cosθ +QU −PV
gsinφ cosθ +PW −RU

]

In order to design the outer loop state predictor, the plant
dynamics in L1 framework is provided as

Żro = Âroωro + B̂ro +σro, σro = Âro[(∧ro − I)ωro + fro] (35)

Where, σro is Composite Uncertainty and it estimates the
uncertainties in the approximate model represented by Âro and
B̂ro.

Piece Wise Constant Adaptive Laws: Predictor equation for
the outer loop is provided as follows

˙̂Zro = Âroωro + B̂ro + σ̂ro −Kepwro ẽwro (36)

ẽwro = Ẑro −Zro (37)
˙̃ewro = σ̂ro −σro −Kepwro ẽwro (38)

Outer loop piece wise constant adaptation laws are given as
follows

σ̂ro(t) =−φ−1
ro µro(iTs) t ∈ [iTs,(i+1)Ts) (39)

φro = (−Kepwro )
−1(e−Kepwro Ts − I) (40)

µro(iTs) = e−Kepwro Ts ẽwro(iTs) (41)

Outer loop adaptive control is provided as

ωado =Cro(s)(Âro)
−1 [−σ̂ro] (42)

Inner loop adaptive control is provided as Shivendra N Tiwari
and Padhi (2016)

νad =Cr(s)(Âr)
−1

[
−σ̂r +Kpωado +KI

∫
ωado dt + ω̇ado

]

(43)

Total Control computed for the plant is addition of baseline
NDI controller and L1 adaptive controller.

ν=νbl +νad (44)

5. SIMULATION RESULTS

This section presents the results for auto landing of a UAV
with Six-DOF model. The low pass filters are designed for
each case as well as the adaptive gains are also set based on
problem requirement. The UAV autonomous landing trajectory
is shown in Fig. 3. During the glide-slope path, the UAV follows
the −30 ramp trajectory. Once the decision height is obtained
the exponential flare trajectory is tracked. The Six-DOF plant
is perturbed with wind shear, wind gust and ground effects,
initial position of the UAV is set as [−1500,20,50]. The Fig. 3
shows performance of NDI controller for a nominal plant, NDI
controller for plant with uncertainties, NDI augmented with L1
adaptive controller for plant with uncertainties. It can be seen in
the Fig. 3 that when UAV approaches ground, the ground effect
comes into existence at around twice the wingspan(b = 2m)
altitude. The NDI autopilot is not able to track the desired
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Fig. 4. UAV Total Control Commands
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Fig. 5. UAV Landing Trajectory XY Plane View

trajectory. However, NDI autopilot augmented with L1 adaptive
controller tracks the desired trajectory.

Total Control commands of UAV are shown in Fig. 4. The cross
wind introduced in the plant is 1m/s along with ground effect
active at around 3m altitude onwards.

The other simulation is shown in Fig. 5. The wind shear
introduced is [1.0,0.8,0.6] as well as wind gust 1m/s at 20 feet.
The performance of L1 adaptive control augmented with NDI
command plots are shown with respect to NDI controls. NDI is
not able to follow the desired track. The simulation results show

that under plant perturbation and external disturbances, NDI
augmented with L1 adaptive controller performs fast adaptation
for uncertainties and tracks the reference trajectory closely.

6. CONCLUSIONS

The autonomous landing problem for a UAV with Six-DOF
model has been attempted using NDI controller with L1 adap-
tive controller augmentation. In this paper, autonomous landing
problem is attempted in presence of wind shear, wind gust and
ground effects. NDI controller is controlling the nominal model
of the UAV and L1 adaptive controller augmentation is used
to provide the correction in control to deal with uncertainties.
During the glideslope mode, UAV tracks the constant flight path
angle and during the flare mode it tracks the exponential trajec-
tory with fixed sink rate at the touchdown point. Trim state of
the UAV is used as initial state. Pitch, roll and yaw angles were
controlled in order to keep the UAV on track. Velocity control
was also implemented to keep the velocity constant during
the landing process. NDI augmented with L1 adaptive control
algorithm converges faster and provides accurate tracking even
in presence of disturbances and uncertainties.

REFERENCES

Anderson, J.D. (2007). Introduction to Flight. Tata McGraw
Hill Education Private Limited, New Delhi, 5th edison edi-
tion.

Chawla, C. and Padhi, R. (2011). Integrated guidance and
control of uavs for reactive collision avoidance. Technical
report, DTIC Document.

Etkin, B. (2012). Dynamics of atmospheric flight. Courier
Corporation.

Frost, W. and Bowles, R.L. (1984). Wind shear terms in the
equations of aircraft motion. Journal of Aircraft, 21(11),
866–872.

Hovakimyan, N. and Cao, C. (2010). L1 adaptive control the-
ory: guaranteed robustness with fast adaptation, volume 21.
Siam.

Peter, F., Holzapfel, F., Xargay, E., and Hovakimyan, N. (2012).
L1 adaptive augmentation of a missile autopilot. In Pro-
ceedings of the AIAA Guidance, Navigation, and Control
Conference.

Prasad, B. and Pradeep, S. (2007). Automatic landing system
design using feedback linearization method. In AIAA Con-
ference and Exhibit,7-10 May, Rohnert Park, California, ,7-
10 May,. AIAA Conference and Exhibit, ,7-10 May, Rohnert
Park, California.

Shivendra N Tiwari, P N Dwivedi, A.B. and Padhi, R. (2016).
L1 adaptive nonlinear dynamic inversion missile autopilot
with pi structure and adaptive sampling. In Indian Control
Conference.

Singh, S. and Padhi, R. (2009). Automatic path planning
and control design for autonomous landing of uavs using
dynamic inversion. In 2009 American Control Conference,
2409–2414. IEEE.

Stevens, B.L., Lewis, F.L., and Johnson, E.N. (2015). Aircraft
Control and Simulation: Dynamics, Controls Design, and
Autonomous Systems. John Wiley & Sons.

Wagner, T. and Valasek, J. (2007). Digital autoland control laws
using quantitative feedback theory and direct digital design.
Journal of Guidance, Control, and Dynamics, 30(5), 1399–
1413.

Proceedings of the 20th IFAC World Congress
Toulouse, France, July 9-14, 2017

3747


