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Unmanned aerial vehicles (UAVs) have become an es-
sential tool for civilian applications (Geng et al. (2013);
Waharte and Trigoni (2010)) due to simplicity in their
operations and easy availability in the market. Often they
are used in critical applications like search and rescue and
delivery (medicine, food supplies) operations. Due to lim-
ited fuel or battery resources, these vehicles need to land
accurately in constrained environments while performing
these operations. Although currently the landing is per-
formed manually in most occasions, manual intervention
may not be always possible. Also, these vehicles may need
to land on moving vehicles which is challenging even for
manual operations. Therefore, there is a need to develop
autonomous landing solutions for UAVs so that they can
land accurately on stationary as well as on moving plat-
forms. Further, it is desirable that the vehicle needs to
land in certain approach angles only due to environmental
constraints.

There are two components in landing – target (or landing
pad) detection and tracking the target (Gautam et al.
(2014)). One can use different kinds of sensor informa-
tion for target detection, for example, camera (Gautam
et al. (2017); Saripalli et al. (2002); Cesetti et al. (2010);
Rodriguez-Ramos et al. (2017)), lidar (Arora et al. (2013)),
and GPS (Zhang and Yuan (2010); Cho et al. (2007);
Hsiao et al. (2003); Skulstad et al. (2015)). In this paper,
we assume the target to have a high-end GPS or real-
time kinematic positioning-augmented GPS (RTK-GPS)

1. INTRODUCTION that can provide target location information with cen-
timeter level accuracy (Skulstad et al. (2015)). The target
broadcasts the location and velocity information to the
vehicle. This system is especially suitable for applications
like convoy protection (Oliveira et al. (2016); Ding et al.
(2010)).

Once the target information has been acquired, the next
task is to design a tracking guidance and control mecha-
nism for the aerial vehicle so that it can land on the target.
Although, one can design an integrated controller for land-
ing using nonlinear techniques (Voos (2009); Ahmed and
Pota (2008); Vlantis et al. (2015); Ghommam and Saad
(2017)), the derived control inputs often needs additional
modification of the existing autopilot systems, and modify-
ing the autopilot systems is challenging. Therefore, instead
of modifying the autopilot system, an on-board computer
is planned to be utilized that would determine suitable
guidance commands, which will be sent to the autopilot.
Since guidance commands are higher level commands, they
will only provide reference to the controllers in the autopi-
lot that will try to achieve the desired guidance command.

Depending on different sensing and tracking mechanism,
several guidance laws for landing have been proposed in
the literature for fixed-wing vehicles (Byoung-Mun et al.
(2007); Kim et al. (2013); Yoon et al. (2009); Borowczyk
et al. (2017); Barber et al. (2007); Chandra and Ghosh
(2019)). The existing works on quad-rotor landing except
a few (Ghommam and Saad (2017)) are limited to vertical
landing only. Vertical landing techniques may be applica-
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ble for landing on stationary targets, but not for moving
targets. Considering that sliding mode control theory has
been gainfully leveraged in visual servoing (Lee et al.
(2012)) and interceptor-target engagements (Kumar et al.
(2012); Rao and Ghose (2013)), in this paper a novel
guidance scheme inspired by sliding mode philosophy is
adopted for landing a UAV on a moving vehicle. This guid-
ance takes the advantage of sliding mode control theory
for planning trajectories, and at the same time can be
used in the on-board computer, thus not interfering with
the autopilot system. Suitable consideration of multiple
sliding surfaces leads to avoiding target-state-dependent
singularity in the guidance command.

The rest of the paper is organized as follows. In Section 2,
the landing problem formulation is described. In Section 3
the guidance design strategy is described, while a detailed
discussion on the synthesized guidance algorithm is pre-
sented in Section 4. Effectiveness of the proposed guidance
law is demonstrated in Section 5 using simulation studies
over different kinds of ground target platforms. Finally,
in Section 6 conclusions and possible future works are
discussed.

2. PROBLEM FORMULATION

2.1 Goal for Landing Guidance

In this paper the problem of autonomous landing is con-
sidered in which a UAV initiates its movement from an
arbitrary initial position in three dimensional (3-D) space
sufficiently close to a UGV (target) moving in the horizon-
tal (x-y) plane. A guidance algorithm is to be developed for
the UAV’s motion to achieve the final goal of approaching
the UGV and landing on it with zero relative terminal
velocity while maintaining a pre-specified terminal line-of-
sight (LOS) angle on x-y plane.

An illustrative engagement scenario is shown in Fig. 1.
Here, R,Rxy, Rz represent the distance between the target
and the UAV, its component when projected on the x-y
plane and the vertical range between the UAV and the
target, respectively. The UAV’s speed, flight path angle
and heading on x-y plane are denoted as Vp, γ and αp,
respectively. Here, γ is defined such that it lies in the
interval, [−π

2
, π

2
] rad. In general, [-π, π) rad of angles

convention is followed in this paper. The UGV’s speed
and heading are given as Vt and αt, respectively. Here, θ
denotes the angle between the LOS and the x-y plane. The
kinematics is decomposed into in x-y plane and vertical
direction (z axis).

The objective of the guidance law is to achieve,

lim
t→∞

Rxy = 0; lim
t→∞

Rz = 0; lim
t→∞

Ṙxy = 0; lim
t→∞

Ṙz = 0;

lim
t→∞

ψ = αt + ζ (1)

Note that the first four objectives are required for a smooth
landing. The final objective dictates a desired approach
angle, which is defined here as a desired LOS angle on
the x-y plane (ψ). Note that this is different from usual
definition of impact angle.

Fig. 1. UAV-target 3D engagement geometry for landing

2.2 Equations of Motion

The 3-D engagement kinematics of the UAV and the
ground target (UGV) is represented as below, where V̇p,
α̇p and γ̇ are the guidance control inputs. Note that the
system is control affine.

Ṙxy = Vtcos(αt − ψ)− Vpcos(γ)cos(αp − ψ) (2)

ψ̇ =
1

Rxy

(Vtsin(αt − ψ)− Vpcos(γ)sin(αp − ψ)) (3)

Ṙ =
1

R
(RxyṘxy +RzṘz) (4)

Ṙz = −Vpsin(γ) (5)

θ̇ =
1

R
(Vp sin(γ) cos(θ)− Ṙxy sin(θ)) (6)

[

V̇p α̇p γ̇
]T

= U (7)

Collision course between the UGV and UAV is given as,

Vt sin(αt − ψ) = Vp cos(γ) sin(αp − ψ) (8)

From (1), for smooth landing, Ṙxy = 0 and Ṙz = 0 need
to be satisfied. From (2), this implies,

Vt cos(αt − ψ) = Vp cos(γ) cos(αp − ψ) (9)

And, from (5), the terminal condition Ṙz = 0 implies
terminal Vp = 0 (meaningful for stationary target) or
terminal γ = 0 (meaningful for moving target). Solving
Eqs. (5), (8), and (9), the desired terminal velocity and
heading of the UAV are obtained. Thus, for terminal
Vt = 0, we obtain Vp cos(γ) = 0. Else if terminal Vt �= 0,

lim
R→0

Vp = Vt , lim
R→0

αp − αt = 0, and lim
R→0

γ = 0 (10)

3. GUIDANCE LAW DESIGN

3.1 Synthesis of Guidance Command

The terminal requirements of Ṙxy = 0, Ṙz = 0 and
ψ = αt + ζ along with zero miss distance (see (1)) form
the basic consideration behind the formulation of sliding
variables for deriving a suitable guidance law for smooth
landing during touchdown on the UGV as shown below.

S =





Ṙxy + kaRxy

Ṙz + kaRz

(ψ̇ − α̇t) + kb(ψ − (αt + ζ))



 =

[

(S1)
(S2)
(S3)

]

(11)

where, ka and kb are tuning parameters in the designed
guidance law. Now, the guidance is applied such that the
sliding variables vary in the following way.



 Sashank Modali  et al. / IFAC PapersOnLine 53-1 (2020) 453–458 455

Ṡ = −

[

k1 0 0
0 k2 0
0 0 k3

]





(S1)
n/m

(S2)
n/m

(S3)
n/m



 (12)

where, k1, k2, k3, m and n are other tuning parameters
in the designed guidance law. Among all these tuning
parameters, m and n should be odd and co-prime integers
such that 0 < n < m. A discussion on selection of other
tuning parameters is provided in section (3.2). Now, from
(12), for i = 1, 2, 3,

(Si(t))
(m−n)

m = (Si(0))
(m−n)

m −
(m− n)

m
Ki t (13)

Clearly, the dynamics of the sliding variables chosen are
finite time convergent. Unlike the signum function of
sliding variables, usually considered in sliding mode-based
control literature, this form of sliding mode dynamics is
helpful to reduce chattering.

From (11) note that Rxy and Rz approach zero exponen-
tially as S1 and S2 are equal to zero, respectively, and ψ
approaches to αt + ζ exponentially as S3 is equal to zero.
Thus, the guidance algorithm that ascertains (11) enables
a UAV to successfully land on a ground target at a desired
approach angle.

3.2 Guidance Command Inputs

Eqs. (2) - (7), (11) and (12), when expanded lead to a
system of 3 equations, expressed as AU = B. Here U is as
given in Eq. (7), and matrices A and B are given by,

A =








−cos(αp − ψ)cos(γ) Vpsin(αp − ψ)cos(γ) Vpcos(αp − ψ)sin(γ)

−sin(γ) 0 −Vpcos(γ)

−sin(αp − ψ)cos(γ) −Vpcos(αp − ψ)cos(γ) Vpsin(αp − ψ)sin(γ)









(14)

and B =




























−k1 (S1)
n/m + Vp sin(αp − ψ) cos(γ)ψ̇−

V̇t cos(αt − ψ) + Vt sin(αt − ψ)(α̇t − ψ̇)−
ka (Vt cos(αt − ψ)− Vp cos(γ) cos(αp − ψ))

−k2 (S2)
n/m + ka Vp sin(γ)

−Rxy k3 (S3)
n/m − kb Rxy (ψ̇ − α̇t)+

α̈t Rxy + Ṙxyψ̇ − Vp cos(αp − ψ) cos(γ) ψ̇−

Vt cos(αt − ψ) (α̇t − ψ̇)− V̇t sin(αt − ψ)





























(15)

From (14) and (15), the guidance command inputs are
obtained as a solution to the system of equations, AU = B.
Note that det(A) = (Vp)

2 cos(γ). When Vp �= 0 and
cos(γ) �= 0, the solution to the system is given by,

U = A−1B (16)

Note that the determinant of matrix A, as shown above,
doesn’t depend on the target’s heading and position di-
rectly. Also, det(A) = 0 if and only if Vp = 0 or
cos(γ) = 0. Note that this guidance could avoid target-
state-dependent singularity although it might encounter
UAV-state-dependent singularity as stated above, which
could occur in the following situations :

• Landing on a stationary ground target.

• Vertical takeoff.
• Target moves towards the UAV.

Thus, (16) leads to a non-singular guidance command
in almost all scenarios except a few scenarios mentioned
above. These situations can generally be handled by suit-
able manipulation of the inputs. Overall, the guidance
algorithm is formulated as,

Algorithm 1 Input Summary

if det(A) > ǫ then
U = A−1B, where ǫ < 1 is a constant
else
if Vp < M1 then

V̇p
′

= N1

else
V̇p

′

= 0
end if
if cos(γ) < M2 then
γ̇′ = −N2 sign(γ)

else
γ̇′ = 0

end if
U = [V̇p

′

0 γ̇′]T

end if

Values of pre-specified constants ǫ, M1 and M2 could be
very small, while those of N1 and N2 could be big enough
to get out of the UAV-state-dependent singularity zone.

4. DISCUSSION ON DESIGNED GUIDANCE LAW

Discussions on the landing guidance algorithm will be
presented in this section. They would be based on the
premise that the dynamics of the sliding variables are
achievable.

From (11) it is evident that if both S1 and S2 are zero,

then Ṙz/Ṙxy = Rz/Rxy, which implies that θ remains
constant. This could be helpful in case of Field-of-View
(FOV)-constrained landing.

Next, a discussion on tuning of the guidance parameters,
namely, k1, k2, k3, ka, kb, m and n, would be presented.
Expanding Eq. (16), we obtain :

V̇p = k3Rxy cos(γ)sin(αp−ψ)(S3)
n/m+k2 (S2)

n/msin(γ)

+ kb Rxy (ψ̇− α̇t) cos(γ) sin(αp −ψ)− ka Vp (sin(γ))2+

ka Ṙxy cos(γ) cos(αp−ψ)+k1 (S1)
n/m cos(γ) cos(αp−ψ)−

α̈t Rxy cos(γ) sin(αp − ψ)− ˙Rxy ψ̇ cos(γ) sin(αp − ψ)+

V̇t cos(γ) cos(αp−αt)+Vt cos(γ) (α̇t− ψ̇) sin(αp−αt)
(17)

α̇p =
1

Vp cos(γ)
[k1 (S1)

n/m sin(αp − ψ)+

k3 (S3)
n/m Rxy cos(αp − ψ)−

Ṙxy cos(αp − ψ)− α̈t Rxy cos(αp − ψ)+

kb Rxy (ψ̇ − α̇t) cos(αp − ψ)+

ka Vp cos(γ) cos(αt − ψ) sin(αp − ψ)−

ka Vt cos(αt − ψ) sin(αp − ψ) + Vp cos(γ) (ψ̇)+

V̇t sin(αt − αp) + Vtcos(αt − αp) (α̇t − ψ̇)] (18)
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γ̇ =
−tan(γ)

Vp
V̇p +

k2 (S2)
n/m − ka Vp sin(γ)

Vp cos(γ)
(19)

As can be seen from Eqs. (17) - (19), the expressions

of guidance command inputs V̇p, α̇p and γ̇ are not eas-
ily tractable. However, considering the dynamics of the
sliding variables and associated guidance objectives, the
followings are obtained.

First, it is desired that S1 → 0 before Rxy → 0, to avoid
shooting up of ψ̇. From Eq. (13) the time for S1 to reach
the sliding surface S1 = 0 can be obtained as,

treach1
=

m

(m− n)

(S1(0))
((m−n)/m)

k1
(20)

Differentiating both sides of first row of (11),

R̈xy = −kaṘxy − k1(S1)
n/m (21)

It should be noted that once the system is on the sliding
surface, both |Ṙxy(t)| and Rxy(t) decrease until they
become zero. For the subsequent discussion, it is assumed
that the guidance is initiated with Ṙxy0 < 0. This can

be further divided into 2 sub-cases: |Ṙxy0| > kaRxy0 and

|Ṙxy0| < kaRxy0.

In the first sub-case, S10 < 0. Then, S1(t) < 0 and

Ṡ1(t) > 0 (from Eq. (12)) throughout the reaching phase,
in which the system is reaching the sliding surface. Clearly,
from Eq. (21), R̈xy0 > 0. This along with Ṙxy0 < 0 and

Ṡ1 > 0 implies that Ṙxy remains negative at any time-
instant during the reaching phase, which in turn from from
eqs. (12) and (21) again imply that R̈xy remains positive
at any time-instant during this phase. Thus,

|Ṙxy| ≤ |Ṙxy0| ≤ max(|Ṙxy0|, kaRxy0) (22)

In the second sub-case, S10 > 0. Therefore, following (12),
˙S1(t) < 0 and S1(t) > 0 throughout the reaching phase. At

any time-instant t during the reaching phase, if Ṙxy(t) =

0, from Eq. (21), this implies that R̈xy(t) ≤ 0. This leads

to a contradiction for Ṙxy0 < 0. Therefore, once Ṙxy0 < 0

is satisfied, Ṙxy is always negative and doesn’t reach zero
throughout this phase. This implies kaRxy(t) < kaRxy0.
Since S1(t) > 0, |Rxy(t)| < kaRxy(t) < kaRxy0. Thus,

|Ṙxy| ≤ |kaRxy0| ≤ max(|Ṙxy0|, kaRxy0) (23)

The above arguments give a lower bound on the time taken
for the range between the UAV and the ground target in
the x-y plane to reach zero. This is given by,

tR1
≥ Rxy0

max( |Ṙxy0| , Ka Rxy0)
(24)

With the consideration of desired treach1
to be less than

tR1
, a sufficient condition is derived as below from (20)

and (24).

k1 ≥ m

(m− n)

(S10)
((m−n)/m)

Rxy0
max(|Ṙxy0|, kaRxy0) (25)

Next, consider selection criteria of k2 and k3. Note that
in regular landing problem initial value of Rz is quite
high. Also, from the dynamics in Eq. (3), ψ̇ shoots up

as Rxy → 0. Therefore, to avoid this, the selection of k1
is done and is considered as a benchmark for selecting k2
and k3 such that all sliding variables become zero in same
time. This simplifies the selection criteria as follows.

k2
k1

= (
S20

S10
)((m−n)/m) ,

k3
k1

= (
S30

S10
)((m−n)/m) (26)

Next, consider selection criteria of m and n. Recall that
m and n were considered as odd and co-prime positive
integers (0 < n < m) in Section 3.1. Besides this, it may
be noted that because of the enforced dynamics of sliding
variables in (12), the guidance input α̇p in (16) could shoot

up due to the presence of terms such as (S3)
n/mRxy, as

the sliding variables approach sufficiently close to zero if
n/m << 1. In order to avoid that n/m should be chosen
quite close to 1.

Finally, consider the selection criteria of ka and kb. Since
the desired LOS angle in the x-y plane is to be achieved
at the time of landing, it is desired that ψ approaches
αt + ζ faster on the sliding surface S3 = 0 than Rxy and
Rz approaches to zero on the sliding surfaces S1 = 0 and
S2 = 0, respectively. This leads to the following selection
criterion.

kb ≥ ka (27)

However, ka and kb are to be chosen judiciously such that
the guidance command inputs are within acceptable limits.

5. SIMULATION RESULTS

MATLAB simulations are presented in this section assum-
ing point mass models of the UAV and the UGV. As
per the developed guidance algorithm, the UAV gener-
ates three commanded inputs to the UAV control block.
Though the guidance is formulated for all-aspect planar
targets, simulations are presented for two cases of interest,
namely, stationary and circular trajectories of the ground
target. In both the cases considered, the initial speed of the
UAV is taken as 5 m/s. The UAV starts, at a distance of

15 m from the target, with Rxy0 = 7.5 m and Rz0 = 7.5
√
3

m. The initial heading and flight path angles of the UAV
are taken as −π/6 and 0 rad respectively. The initial LOS
angle projected to the (xy)-plane (ψ0) is taken as −π/6
rad. In the cases of moving target, the target speed is
fixed at 3 m/s for the purpose of simulation. Also, for the
purpose of simulation, the parameters m and n are chosen
as m = 5, n = 3; and the constants, kb and ka, are chosen
such that kb = 2ka = 0.4.

The results of the simulations are given in figures (2) to
(6). From the simulations, it can be noted that for moving
targets (terminal Vt �= 0), the desired speed, LOS angle on
x-y plane and the heading angle on x-y plane, given in Eq.
(10), are achieved in steady state as shown in Fig. 5.

5.1 Stationary Targets

It has been mentioned that, unique solutions to the system
of equations, are feasible when Vp �= 0 and cos(γ) �= 0.
In the case of stationary targets, during collision course,
Vp → 0 as R → 0, for a smooth landing. This poses a
problem in the end game phase, where the control vector
may blow up. But, as shown in Alg. (1) , it is still possible
to reach the target with a small error in position. This
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is shown in the simulations. The desired approach angle is
given as π. The tuning parameters as obtained from section
4 are given by, k1 = 1.6505, k2 = 1.4651, k3 = 1.0186

The UAV reaches the target at a position error of 0.2 m
only. The maximum speed is observed to be 5 m/s and the
maximum rate of change in the speed is observed to be -
4.5 m/s2. The maximum rate of change in the heading of
the UAV is observed to be π/2 rad/s. The approach angle
at impact is 0.998 π rad, which is very close to the desired
approach angle. The time taken for landing is 21.91 sec.

5.2 Constant Maneuvering Target

In this example, the target executes a circular motion with
α̇t = π/6 rad/sec. All other initial conditions are kept
same as before. The desired approach angle in the (xy)-
plane is considered as π/2 rad. The tuning parameters
as obtained from section 4 are given by, k1 = 0.46095,
k2 = 0.7038, k3 = 0.51001

In the simulation, the maximum speed observed for the
UAV is 5.3971 m/s. The maximum rate of change of the
UAV’s heading is observed to be 0.8344 rad/s and that of
its speed is observed to be -1.40 m/s2. The approach angle
at impact is 0.499995 π rad. The time taken for landing is
26.20 sec.

6. CONCLUSION

A novel approach angle-constrained guidance law inspired
by the sliding mode control philosophy has been presented
in this paper for autonomous landing of a UAV on sta-
tionary or moving or maneuvering ground targets to show
that the sliding mode control philosophy is a useful tool for
planning trajectories and dealing with constraints in real-
world scenarios. Stability analysis and a detailed discus-
sion on the selection of guidance parameters have also been
presented. By numerical simulation studies the guidance
law has been shown to effectively achieve soft landing on
stationary and maneuvering targets at desired approach
angles. Future works involve experimental validation of
the presented guidance algorithm on real test-beds and
improvements in the guidance formulation.
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