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Abstract: The field of Unmanned Aerial Vehicles (UAVs) has progressed greatly in the last years.
UAVs are now used for many applications and are often flown automatically. One commonly
implemented feature in an automatic flight is that of following a mission at a stable altitude. However,
this altitude is almost always referenced from the take-off location and does not take terrain profile
levels into account. This is a critical and dangerous issue because if the terrain level changes abruptly
(e.g., mountain regions or buildings in a city), this can lead to crashes or an unintended (illegal)
high altitude. Our aim for this work is to provide a solution such that a constant altitude above
ground level is maintained. To this end, we make use of the readily available Digital Elevation
Models (DEMs). These models, which contain the terrain elevation, help us in dynamically adjusting
the VTOL UAV altitude so that it remains nearly constant in relation to the ground. Results have
shown that with the use of our method, the altitude can be maintained sufficiently constant while
introducing a limited increase in flight time and battery consumption that is proportional to the
terrain’s irregularity. In a moderately changing terrain, the error could be reduced to just ±5 m.

Keywords: VTOL UAVs; navigation optimization; digital elevation models; on-board; real time
processing

1. Introduction

In the last decade, interest in the use of Unmanned Aerial Vehicles (UAVs) has grown
steadily. Nowadays, UAVs, colloquially called drones, are a common tool for numerous
applications such as site inspection, mapping, security, agriculture, filming, racing, and
many more [1].

In many applications, the UAV flies automatically from one Global Positioning System
(GPS) waypoint to another. Throughout its path, which is often defined using mission
waypoints, the UAV has to maintain a steady altitude. This is a common built-in feature in
many higher-end UAVs, and it is provided by the flight controller, i.e., a small on-board
computer with multiple sensors that regulates the speed of the propellers to accomplish its
flight goals.

The most commonly used open-source flight controller is called Pixhawk [2], which
often uses the Ardupilot firmware [3]. Through the use of Ardupilot (or any other flight
controller firmware for that matter), we can maintain a constant altitude. However, this
constant altitude is referenced from the take-off point of the UAV (i.e., from the origin).
As shown in Figure 1, this is problematic if the terrain is not flat. This is because if the
terrain rises, there is a chance that the UAV will crash into the ground. On the other hand,
if the terrain descends, the drone will be flying at a higher altitude; this can decrease
the performance of the UAV sensors (e.g., camera feeds) or cause it to surpass the legal
constraint regarding maximum flight altitude (for example, in Europe, it is at 120 m [4]).
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Therefore, many UAV applications require the maintenance of a constant Above
Ground Level (AGL) altitude. In this work, we focus on providing this functionality because
it is currently not implemented in commercially available flight controllers. In particular,
our solution is based on Digital Elevation Models (DEMs), i.e., files with topographical data.
Through the use of these readily available terrain elevation models, we can manipulate the
drone in such a way that a constant altitude above ground level is consistently maintained.
We must point out that third-party applications that consider the topography in mission
planning already exist (e.g., FlyLitchi [5]). However, many applications require drones to
be capable of making ad hoc decisions and deviating from the original flight plan (e.g., to
avoid collisions or due to a change in the itinerary). Therefore, in this work, we opted for a
more holistic approach so that we could grant current and future applications this freedom
in addition to simplifying the operator’s tasks.

Figure 1. The different types of altitude.

This research work is related to two main areas: drones and topography. A close
relationship has been established between these areas as there are numerous applications
in which the use of drones allowed for the improvement of topography and the accuracy of
elevation models, as can be seen in [6].

As for research dedicated to reversing this relationship, i.e., using topography to
aid drone flights, this is still scarce. The main use of topography in an autonomous
flight is to be able to trace routes and avoid collisions. For the time being, its main
field of application consists of pre-programmed flights with fixed and constant altitudes,
but without considering obstacles. This simplified approach is applicable in many cases
where the terrain is mostly flat, and it is widely used in applications such as precision
agriculture [7].

Nevertheless, fully autonomous flights where aircraft are endowed with decision-
making and route selection capabilities are not far from becoming a reality. We can already
find articles such as [8] that talk about its potential and viability as a means of delivery.
Other works such as [9] defend their usefulness as a blood-transport solution in emergency
situations, given the speed and efficiency of these aircraft.

Furthermore, drones as a means of transportation are close to being a reality, and
topography is the key element to help achieve it. One of the first research works incorporat-
ing topography into autonomous collision avoidance was described in [10]. This research
departed from a theoretical framework from IEEE [10], and it was validated by the US Air
Force on an F-16 [11,12].

In [13], Muliadi et al. proposed an artificial neural network that could be used as a UAV
altitude controller. They compared their method with the traditional PID control system.
The traditional PID control system involves complex expressions, which are difficult to solve
analytically. Their approach overcame this problem, and as they showed (in simulation),
with the use of their neural network, a better performance could be achieved.
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The research that served as the theoretical basis of that project can be found in [14].
Based on that work, our paper studies and establishes, through mathematical formulations,
the feasibility of using elevation models as a data source for autonomous drone flight.

The rest of this work is organized as follows: In Section 2, we explain the format of
DEMs, where they can be downloaded, and what they represent. In Section 3, we explain
our proposed solution in detail. We then evaluate our proposed solution in Section 4, where
we simulate a wide set of use cases, including a challenging mountainous region. Finally, in
Section 5, we conclude by summarizing our findings and suggest promising future works.

2. Digital Elevation Models (DEMs)

A Digital Elevation Model (DEM) consists of a database which contains the height
above sea level of a given location. A DEM is characterized by its versatility in terms of
accuracy/compression. Despite the existence of different formats, the most common one
divides a land area into regular-sized squares. For each square, the highest altitude is
measured and saved into a large matrix. In the header of the DEM file, the GPS coordinates
of the origin as well as the size of each square (also called the resolution) are provided.
Since it is easy to retrieve the row and column number when reading the DEM file, the GPS
location of each cell can be easily calculated (i.e., by adding the offset from the origin). In
this manner, a relatively large land area can be contained in a small file. The size of the
DEM file will depend on the resolution; however, to provide a general idea, using a (high)
resolution of 4 m2 for each square, an area of 500 km2 can be stored in a file of only 250 MB.
Considering that these storage requirements are not a problem nowadays, and that VTOL
UAVs can only fly for a few kilometers anyway, size is not deemed to be a problem.

DEM files are readily available on the Internet. For our research, we used the DEMs
provided by the Spanish government [15]. As one might observe, on the government site
(and in general), two types of DEMs exist (see Figure 2): the Digital Terrain Model (DTM),
which makes use of the ground level, and the Digital Surface Model (DSM), which also
includes buildings, trees, etc. It is obvious that the DSMs represent the real world more
accurately (especially in cities), but also become obsolete much faster. Since the file formats
of the DTM and DSM files are very similar, our approach works for both DTM and DSM
files. Nevertheless, for our experiments, we chose to work only with DTM files.

Figure 2. The difference between DTM and DSM; source: [16].
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As stated before, in order to create a DEM, the terrain elevation (w.r.t sea level) needs
to be measured. There are many methods of measuring terrain elevation, but here, we will
only highlight a few of them:

1. Conventional topographic surveys: For these surveys, conventional equipment such
as optical or laser tachometers and leveling instruments are used. With this method, a
highly detailed DEM can be obtained. However, it is a lengthy and costly process, so
it is only used for small areas.

2. Kinematic GPS surveys: For this method, a GPS receiver is mounted on a vehicle,
which moves over a terrain. With the use of the altitude data from the GPS, a relatively
large area can be covered.

3. Optical satellite images: With the use of satellite images, an estimate of the terrain
level altitude can be made. The advantage of this method is that it covers a huge area
more quickly; however, the resolution is much lower than the previously mentioned
methods.

3. Proposed Solution

The principal objective of our work is to develop a framework that allows a VTOL
UAV to maintain a constant altitude above ground level. This is important because if
disregarded, the UAV might crash into the ground if the ground level rises. On the other
hand, if the ground level decreases, the relative altitude of the UAV will increase. This
higher relative altitude can influence the performance of the sensors on the UAV (e.g.,
camera feed), or the UAV can surpass the legally allowed altitude (120 m in Europe [4] and
most countries worldwide).

To address and settle this problem, we propose a solution that allows a VTOL UAV to
automatically ascend or descend while it is following a mission so as to adapt to the terrain
profile. Before the start of the flight, the mission file (which consists of GPS waypoints)
and the DEM file are uploaded to the UAV. During the flight, the UAV makes use of the
mission file to determine its direction, and the DEM file to adjust its altitude. It is important
to note that the change of altitude is calculated in real time and not before the start of
the mission. This approach allows us to (i) spend less time on the calculation at start-up,
(ii) make changes to the mission without worrying about the terrain profile, and (iii) make
our method compatible with other (future) approaches, which use sensors instead of DEM
files to determine the altitude relative to the ground.

3.1. Model

In this work, we propose a control system that regulates the velocity of the UAV in the
z axis (or up/down axis). This control system is aimed at minimizing the error between the
desired and current flight altitudes, thus keeping the UAV altitude constant with respect to
the ground. The terrain elevation, which comes from the DEM file, is used as the reference
signal. The relative altitude of the drone is determined by the flight controller, which relies
on GNSS and barometric data. The error, which we try to minimize, is determined by the
difference between the reference altitude and the relative altitude of the drone:

e(t) = re f erence_altitude(t)− relative_altitude(t) (1)

The task of our controller is to calculate an output such that this error is minimized. In
our system, the output of the controller is the vertical velocity (m/s). In theory, those values
can range from −∞ to +∞; in practice, however, the electrical motors have a maximum
speed which limits thrust. Of course, different motors have different maximum speeds.
Nevertheless, as long as we are not in the drone racing business, most operators prefer
a (relatively) slow vertical velocity, mainly for safety and control reasons. Therefore, we
limited the output of our control to the range of ±5 m/s.
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A general PID controller can be described through the following equation:

u(t) = Kp · e(t) + Ki

∫ t

0
e(τ) dτ + Kd

de(t)
dt

(2)

The output signal u(t) is thus given by the sum of three terms, which all depend on
the error signal: (1) the proportional term (P), which corrects for the current error; (2) the
integral term (I), which grows over time and can thus ensure that the steady state error
becomes zero; and (3) the derivative term (D), which allows for the prediction of a future
error and thus increases the stability of the system. Since the ground level (i.e., the reference
signal) in our application will change over time, we do not have to be concerned about
a steady-state error. Therefore, we removed the integral term (by setting Ki = 0), which
allowed us to simplify Equation (2) to a PD controller, as follows:

u(t) = Kp · e(t) + Kd
de(t)

dt
(3)

The equation above is continuous; however, a digital system can never be continuous,
and we are thus forced to discretize the equation. For our drone (and all drones alike
that use ArduCopter [3]), the vertical velocity vector is updated every 200 ms. Thus, the
controller equation can be discretized considering this sampling period (Ts). Furthermore,
we change the naming—from the generic output signal, u, to the more appropriate name,
vver—in order to clarify that we use a PD controller to control the vertical velocity.

vver[t] = Kp · e[t] + Kd
e[t]− e[t− 1]

Ts
, Ts = 200 ms (4)

At this point, we have managed to design the vertical controller that allows the UAV
to maintain its altitude. However, we also need the UAV to move towards its targets, i.e., to
follow the planned mission. The current target (or waypoint) is given in GPS coordinates.
In order to move the UAV towards the target, we simply need to define a direction vector,
−→u , that starts at the drone and ends at the target. After normalization, this vector can be
scaled such that the UAV moves at the planned (or max) speed (in our case, max_vhor =
15 m/s, as this is the default setting in the flight controller). Thus, we have the following
expression to obtain the horizontal velocity vector −→vhor:

−→u =
−−−→
target−−−→UAV

û :=
−→u
||−→u ||

−→vhor = max_vhor · −→u

(5)

Given the right parameters, this should be enough to move the UAV from its current
position to its target while adjusting its altitude so that its relative altitude to the ground
remains as constant as possible. However, during our simulated tests, we observed two
issues: firstly, when the change in terrain height is significant, the UAV needs more time
to ascend/descend; otherwise, a crash might still occur. In practice this means that if the
velocity in the z axis is close to its limit, max_vver (5 m/s in our proposal), we need to stop
moving towards the target to avoid a likely collision. Secondly, in Equation (1), we denoted
the error signal as the difference between the reference altitude and the real altitude, at the
same time instance. During the actual flight, as we will show later, an improvement can be
made by looking ahead to where the UAV is aiming to go, and then take that altitude as
reference. These small adjustments have been implemented in our proposal, as shown in
Figure 3.
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Figure 3. Block diagram of the proposed method.

The flight controller of the UAV (block on the right) provides us with the current
(absolute) altitude of the drone. The difference between the reference signal and the current
altitude denotes the error signal. This error signal is fed into the PD controller, which in turn
calculates the vertical velocity needed to minimize the error signal. The vertical velocity
signal also controls whether the horizontal velocity is set to 0 m/s or not. In case the vertical
velocity is high (more than 90% of the maximum allowed), the switch (on the right side
of the block diagram) will toggle and set the horizontal velocity to zero. This gives the
UAV the required time to adjust to higher altitude differences before moving towards the
waypoint again. Notice that we intended to proceed with the planned mission as quickly
as possible, only reducing horizontal speed when strictly necessary. The flight controller
also provides us with the location of the UAV. This location, together with the location of
the waypoint, is used to calculate the direction vector, −→u . The horizontal velocity vector is
obtained by scaling the direction vector, −→u , with the appropriate horizontal speed. Finally,
the DEM block calculates the reference signal. This calculation is based on the DEM file,
which contains the absolute altitude level for a given location. We used the current location
of the UAV as well as its direction vector, −→u , to calculate its future position. The ground
level altitude of this future position is fetched from the DEM file, and the reference signal is
calculated by adding the desired above ground level offset.

3.2. Parameters

In our model, there are five parameters: the proportional gain Kp, the derivative gain
Kd, the look ahead distance (m), the maximum horizontal velocity (max_vhor), and the
maximum vertical velocity (max_vver). Hence, we need to find the optimal values for these
parameters, as the chosen values will determine how fast the drone responds to changes as
well as the stability of the system. We decided to set the two maximum speed parameters
to 15 m/s for the horizontal speed and 5 m/s for the vertical speed. As previously stated,
these values are a good compromise between safety and speed, and they are often used
in VTOL drone applications. This section will explain how we adjusted the values for the
other three parameters. Our tuning aimed at meeting our specific goals, which include
achieving an adequate trade-off between the vertical error (overshooting included) and
the mission time. It is important to note that, depending on the characteristics of the UAV,
these values might vary. Thus, the fine-tuning of these parameters for other types of UAVs
will be necessary. Auto-tuning methods do exist, but they require deriving a mathematical
model for the UAV, which we currently do not have. Therefore, we will estimate the values
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for our parameters based on some commonly known rules. In this section, we will explain
the process we went through so that results can be replicated.

First, it must be noted that determining the optimal parameter values based on the
simulation of an entire mission is impractical. This is due to various reasons:

1. Simulating an entire mission takes a long time;
2. It is difficult to determine the true effect of a change in the parameters;
3. One can be fixed on solving a specific problem (i.e., the mission), instead of the

solution being applicable to different missions (i.e., parameters are optimized for just
one mission instead of a general solution);

4. When the entire mission is considered, the horizontal movement of the UAV also
plays a role.

Therefore, we obtained the parameter values using a classic control theory technique,
i.e., by observing the step response of the system. The step response is the response (i.e., the
output) of the system when a step (i.e., sudden change in the reference signal) is applied.
Such step response is then plotted on a graph (see Figure 4), and it is common to normalize
the output. Using this graph, we can determine two important values: (i) the rise time
and (ii) the overshoot. The rise time explains how fast the system will converge at the new
reference signal. The overshoot refers to the output exceeding the new desired reference
signal. In our application, both metrics are important. We do not want a high overshoot (or
undershoot) because this will cause the UAV to fly too high (which might violate legislation)
or too low (which might result in a crash). However, the response of the UAV should also be
sufficiently quick (i.e., short rise time) for those cases where the terrain profile is constantly
changing, and the UAV should be able to keep up with that change.

Figure 4. Two important metrics for the step response.

After (roughly) defining our step response (i.e., low overshoot but also short rise time),
we proceeded by varying the parameters to observe how they influence the step response.
We started with parameter Kp and then set Kd (Equation (4)) to its minimum (the look-ahead
distance was not used in the step response since we were directly changing the reference
signal). In Figure 5a, we show the step response for several values of parameter Kp. In
this figure, we can observe how parameter Kp influences the step response. We started by
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setting Kp to zero. Obviously, in this case, the UAV will not change its altitude and will just
remain flying according to its original reference signal. We then increase the value of Kp
and Kd by steps of 0.1 (we do not show all the possibilities to keep the figure clear). When
we raise the value of Kp, we can see the rise time decreasing. At a value of 0.5, the UAV
reaches the new altitude without any overshoot. However, the rise time is still too long.
If we increase the value of Kp, we can reduce the rise time further. In Figure 5a, it seems
that in terms of rise time, there is no difference between Kp = 1.0 and Kp = 1.5. However,
it is always important to take both Kp and Kd into account. As stated above, we changed
both parameters by a step size of 0.1 (up to 2.0), and after 400 experiments, our results
showed that with Kp = 1.5 and Kd = 1.9, the best results could be achieved. In Figure 5b,
we show the influence of the parameter, Kd. As expected based on the control theory, if
we increase the value of the Kd parameter, the overshoot will be reduced. However, a
value that is too high will result in an unstable system that would tend to oscillate. As we
can see, the overshoot decreases with a higher value of Kd. Increasing the value of Kd to
beyond 1.9 (best choice) only introduces more unwanted oscillation. As shown in Figure 6,
for the response of the system with the optimal parameters (w.r.t. overshoot and mission
time), some oscillation remains for our control approach. However, since the terrain level
is constantly changing in our application, this oscillation will not prevail. In addition, the
influence of the look-ahead distance can only be clearly observed in the context of an actual
mission (longer time periods). Therefore, we will show its influence in the next section.

(a) (b)

Figure 5. Analysis of the influence of parameters Kp and Kd on the step response of the UAV.
(a) Influence of parameter Kp (Kd = 0). (b) Influence of parameter Kd (Kp = 1.5).
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Figure 6. Step response with optimal parameters, i.e., Kp = 1.5; Kd = 1.9.

4. Evaluation

After modeling our proposed solution and obtaining the optimal parameter values,
we tested our approach under different conditions. In order to experiment safely, we relied
on our realistic UAV simulator/emulator called ArduSim [17]. We experimented with two
different scenarios: a rural area with some hills (Cumbre de Calicanto, Valencia, Spain) and
a mountainous region (Mulhacén, Granada, Spain). Each scenario was simulated several
times, with different values for the look-ahead parameter. During our experiments, we
measured the terrain altitude and the above ground level altitude of the UAV. We start by
introducing the ArduSim simulator, after which we will go over the two scenarios.

4.1. ArduSim

ArduSim is an open-source multi-UAV flight simulator/emulator. The code is avail-
able online [18] under the Apache License 2.0. The simulator is a large Java project, and
it was formally presented in [17]. Below, we briefly highlight the key characteristics of
ArduSim:

• Simulator and GCS: ArduSim can be used in two operation modes. It can function
as a simulator and as a Ground Control Station (GCS) for real UAVs. The protocol
(in this case, the model we created) is uncoupled from the operational mode. This
ensures quick deployment on real UAVs since the protocol does not need any changes
once it works in the simulated environment.

• Automated testing: As a simulator, ArduSim can be executed with or without a
graphical user interface (GUI). The mode with a GUI is typically used when developing
the protocol. Once the protocol is developed and a lot of experiments need to be
performed, the mode without a GUI can be used, and tests can be run automatically.

• UAV-to-UAV communication: ArduSim uses the 802.11a standard to communicate,
both between UAVs themselves and between the UAVs and the ground station. When
ArduSim is used as a simulator, communication is accomplished using virtual links.
Whenever protocols are thoroughly tested, they can be deployed on real UAVs. In this
case, ArduSim will send the messages via User Datagram Protocol (UDP) broadcasts.
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• Scalability: ArduSim was designed to be a multi-UAV flight simulator. Therefore, a
lot of effort was put into scalability. This resulted in a simulator that is able to run up
to 100 UAVs in near-real time, and up to 256 UAVs in soft-real time on a high-end PC
(Intel Core i7-7700, 32 GB RAM).

• API: Inside ArduSim’s codebase, an Application Programming Interface (API), devel-
opers offer many common functions (taking off, moving to a GPS location, landing,
etc.) to control the UAV.

• Data logging: ArduSim extensively logs data in various formats after a flight in order
to make it development- and debug-friendly.

Our ArduSim tool acts as both a real-time simulator and as an onboard software
element. When deployed on real UAVs, it is expected to run on an embedded system
deployed on the UAV itself (e.g., Raspberry Pi), which communicates with the flight
controller using a serial connection. The communications protocol used for such connection
is MAVLink [19], a lightweight messaging protocol for communicating with drones that
follows a modern hybrid publish-subscribe and point-to-point design pattern. This way,
we offer a universal software that can be adopted by other users without requiring any
changes to the Ardupilot firmware itself.

4.2. Scenario A: Rural Area

Our first scenario (Cumbres Calicanto) is located in a rural area close to Valencia, Spain
(see Figure 7a). We chose this region for its moderate set-off (see Figure 7b). The top of
the hill is around 210 m high; one side the slope of the hill is gentle, in the center there are
some abrupt peaks and troughs, and on the other side of the hill, the slope is much steeper.

(a) (b)

Figure 7. Scenario A: Rural area. (a) Localization of Cumbres Calicanto. (b) Bird’s eye view of
Cumbres Calicanto.

As mentioned before, the influence of the look-ahead distance can only be measured
during a complete mission. In general, looking further ahead will provide the UAV
more time to anticipate altitude changes. However, looking too far ahead will introduce
unwanted behavior if the terrain has narrow peaks or troughs. During our experiments, we
varied the value of the look-ahead distance in the range of 2–20 m. The DEM file that we
used had a resolution of 2 m (square of 2× 2 m). Therefore, we increased the look-ahead
distance at two-meter steps each time. During the mission, we measured the error every
200 ms. After the experiment, we calculated the mean error and the standard deviation
(see Table 1). Based on those metrics, we could determine that a look-ahead distance of 8 m
in this scenario is the most effective one at reducing the error.

The results of the entire mission are depicted in Figure 8, showing that the UAV adapts
to the terrain profile correctly. As shown in Figure 8b, the error is normally distributed,
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with µ = −0.0493 and σ = 1.6260. Stated otherwise, in 99.7% of the time, the error was less
than 5 m.

Table 1. Influence of the look-ahead distance for scenario A.

Look-Ahead Distance (m) Mean Error (m) Standard Deviation (m)

2 0.1834 2.5176
4 −0.1464 2.3930
6 −0.0721 1.7832
8 −0.0493 1.6260
10 −0.0724 1.6399
12 0.0203 1.5128
14 0.0049 1.7969
16 0.0449 1.9540
18 0.1118 2.1984
20 0.1678 2.5435

(a) (b)

(c)

Figure 8. Results for scenario A. (a) Altitude of the UAV w.r.t. terrain altitude. (b) Error distribution.
(c) Vertical speed (m/s) of the UAV.
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During our experiment, we also tracked various metrics. One of them was the vertical
speed of the UAV, which we show in Figure 8c. It is interesting to observe how the vertical
speed of the UAV changes w.r.t. the terrain altitude (shown in Figure 8a). As we can see,
at the beginning (before 150 s), the terrain level changes slowly, and the vertical speed of
the UAV is bounded between −3 m/s and 3 m/s. From 150 s onwards, the terrain level
changes much faster. This is also represented in the vertical speed of the UAV, which often
reaches its maximum of ±5 m/s. In addition, we find that changing the altitude levels does
not have a significant impact in terms of extra time or energy. To check this, we measured
various metrics for the flight using our altitude adjustment approach and without the use
of this mechanism. As shown in Table 2, the mission (depicted in Figure 7b) is 3238 m
long. Due to the set-off, the UAV had to adjust its overall altitude by 583 m. This change in
altitude caused a slight mission delay of about 3% and an increase in energy usage of 3.49%.
These payoffs are very small, especially considering that the alternative (not changing the
altitude) will result in a crash.

Table 2. Rural flight: influence of adjusting the altitude on flight time and energy.

Without Adjustment With Adjustment Difference

Horizontal distance (m) 3238 3238 0%
Vertical distance (m) 0 583 -

Flight time (s) 324 334 +3.01%
Energy consumed (kWh) 127 132 +3.49%

4.3. Scenario B: Mountain Area

After the promising results in a rural area, we tested our model in a more challenging
environment, i.e., a mountainous region. We chose to perform this simulation in the area of
Mulhacén, Granada, Spain (see Figure 9a). In these mountains, the ground levels change
faster and more often, which makes it more difficult for the UAV to maintain a constant
altitude above the ground.

(a) (b)

Figure 9. Scenario B: Mountain area. (a) Localization of Mulhacén. (b) Bird’s eye view of Mulhacén.

For this region, we also experimented with the look-ahead distance. As shown in
Table 3, the margin of error is higher due to the increased scenario complexity. In a
mountainous region, the look-ahead distance has to be shorter, as expected. In this case,
we can obtain the best results with a look-ahead distance of 4 m.

The results of this scenario are shown in Figure 9a. From Figure 10a, it can be observed
that the terrain is more challenging, and with the use of our approach, a ground crash can
be avoided. However, as also shown in Figure 10b, the distribution of the error is broader
than in the previous case. In addition, we tracked various metrics for this flight. As shown



Drones 2022, 6, 74 13 of 16

in Figure 10c, the vertical speed of the UAV was often at its maximum in an attempt to
maintain a constant altitude in this rapidly changing terrain. Taking this into account, we
might have achieved better results (i.e., smaller mean error and standard deviation) if we
did not restrict the maximum vertical speed to 5 m/s. However, we did not increase the
maximum speed for various reasons. First and foremost, for the obvious safety reasons.
We must remember that there is a 200 ms delay before we can update the speed, and then
there is an extra delay (due to inertia) before the UAV actually reaches this new speed. If
we increased the maximum vertical speed, this would most likely lead to an unwanted
oscillating behavior. Furthermore, we want our approach to be applicable to many types
of drones, and not all drones have enough power to ascend faster than 5 m/s. Finally,
increasing the maximum vertical speed would also lead to higher energy consumption.

(a) (b)

(c)

Figure 10. Results of scenario B. (a) Altitude of the UAV w.r.t. terrain altitude. (b) Error distribution.
(c) Vertical speed of the UAV throughout time.
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Table 3. Influence of the look-ahead distance for scenario B.

Look Ahead Distance (m) Mean Error (m) Standard Deviation (m)

0 −1.5206 8.6427
2 −0.1372 7.4118
4 1.2548 6.1141
6 2.9995 6.5989
8 4.4752 7.7420
10 5.9446 9.3839

As expected, the influence of adjusting the altitude on flight time and energy consump-
tion is much higher in this demanding scenario compared to the previous (rural) scenario.
As shown in Table 4, the mission depicted in Figure 9b has a horizontal distance of 6193 m.
The main difference between this scenario and the previous one is that in the current
scenario, the vertical distance traveled is much higher. In order to regulate the altitude
above the ground, the UAV had to ascend and descend for a total of 2100 m throughout
the mission. This caused the flight time to increase by 29%, and consequently, the energy
consumption rose by 30% as well.

Table 4. Mountain flight: influence of adjusting the altitude on flight time and energy.

Without Adjustment With Adjustment Difference

Horizontal distance (m) 6193 6193 0%
Vertical distance (m) 0 2100 -

Flight time (s) 507 655 +28.99%
Energy consumed (kWh) 200 261 +30.59%

5. Conclusions and Future Work

Research in the UAV field has matured over the last years; as a result, many industries
now use UAVs in their day-to-day activities. Most of the time, a UAV is still manually
controlled by a pilot. Nevertheless, more and more (semi) autonomous applications are
being developed. For an autonomous application, it is important that a UAV is able to
maintain a constant altitude relative to the ground, even when the terrain altitude varies.
This would prevent the UAV from crashing into the ground or from exceeding legal altitude
constraints.

In this work, we provided a solution that attempts to maintain a constant altitude
relative to the ground. Our approach is based on a PD controller, which uses the altitude
data coming from a DEM file as the reference signal. Since drones differ in size, weight, and
many other factors, the parameter values of the PD controller will likely differ for each UAV.
Therefore, we explained our tuning method in detail so that it could be easily replicated.

Once the PD controller was tuned, we experimented with two different scenarios:
a rural area, and a mountainous area. The results of the first (rural) scenario show that
the UAV is able to maintain a constant relative altitude above the ground. During that
experiment, the error (i.e., the difference between the desired altitude and the actual
altitude) was smaller than 5 m 99.7% of the time, and the increase in flight time and energy
consumed due to such adjustments was 3.01% and 3.49%, respectively—a performance
that we consider sufficient for most applications. In the more challenging scenario, i.e., the
mountainous area, the error increased slightly, and the increase in flight time and energy
consumed due to the terrain profile adjustments (2100 m in total for vertical mobility) were
more significant, reaching an increase of 28.99% and 30.59%, respectively.

Although the results are quite good, more research is necessary to reduce the error in
challenging environments. To that end, in the future, we would like to extend our research
by investigating automatic tuning methods. Furthermore, to avoid rapid changes in the
flight altitude, we will consider smoothing the altitudes between adjacent cells in the DEM.
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Finally, we would like to investigate a slightly different approach, where we change the
programmed flight altitude and allow the flight controller to adjust the altitude.
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