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Abstract—In this project, we investigate automatic control of
a quadrotor UAV and discuss its possible applications in the
Smart Building. The purpose is to construct a control algorithm
for stable quadrotor flight and explore the use of UAV in a
smart home. We derive the equations of motion for a quadrotor,
construct a model and devise a control strategy to keep it stable
in the air. The strategy will be to use cascaded controllers
for position and attitude. Simulations are performed and the
controllers are then tested in practice. In the simulations, we use
lead lag controllers as they provide easy loop shaping and good
performance. In the practical implementation, we instead chose
to implement PID controllers, due to their wide use in industry,
easy implementation and ease of tuning. The end result is a
stable loop with acceptable performance in terms of positional
control. A simple waypoint system is implemented as well, which
is key for trajectory planning and enables the vehicle to perform
various tasks.

I. INTRODUCTION

THE concept of a smart building has been gradually
receiving more and more attention in recent time. The

smart building is all about autonomy and reacting on the
world around us, without human intervention. A possible
component in the smart building is the quadrotor, a small 4-
rotor Unmanned Aerial Vehicle (UAV). Quadrotors have to
date been actively studied for various uses, including, but not
limited to: air transports [1], search and rescue [2] and security
related applications such as tracking [3].

In this project, we study control of quadrotors and their
possible use in a smart building, as a part of attaining more
autonomous homes. The aim is to devise a control algorithm
that can keep a quadrotor stable in the air and follow simple
paths. We also wish to explore suitable applications in the
smart home. Similar projects have been done before, for
example [4] and [5].

Quadrotors are inherently unstable systems, and their dy-
namics are too fast for a human to stabilize them manually.
Computers are however quick enough to stabilize a quadrotor,
but they require sensors in order to do it. As such, a look on the
required sensors and the mathematical model for stabilizing is
required before we proceed to actually control a quadrotor.

Our work consists of a theoretical analysis followed by a
practical implementation. First, we study the available sensors
required for quadrotor control in section II. Then, in section
III, we construct a mathematical model of the quadrotor
movement and devise a control strategy for autonomous flight
in section IV. After that, in section V, we simulate the control
loop to see if the strategy is viable. Finally, in section VI, we
implement the controllers together with a waypoint algorithm

in order to fly the quadrotor in the Smart Mobility Lab (SML)
at KTH.

II. SENSORS

A couple of sensors are required in order to keep a quadrotor
stable; these are at the very least: accelerometers and gyro-
scopes. Readings from these sensors can be used to estimate
the current attitude. The gyroscope is required in order to
detect the angular speed, while the accelerometer corrects the
gyroscope for drifts in sensor output, as well as in stationary
provide a direction for earth’s gravity [6].

In addition to the sensors required for stabilization, more
sensors are of course of interest, such as for determining
position via GPS or measuring real world attributes such as
temperature and pressure.

A. Accelerometer

An accelerometer measures the acceleration in one or more
axes. Single axis accelerometers have been the norm for quite
some while, but thanks to a decreased manufacturing cost and
smaller size than 3 individual single axis accelerometers by
employing MicroElectroMechanical Systems (MEMS) tech-
nology, three axis accelerometers are quite common today [7].

An initial description of their mechanical design is simply
an object of mass located inside a frame, surrounded by
springs, shrunken down to micrometer size. The springs in
turn separate two electrodes from each other. Acceleration will
force the mass against the springs, which causes the electrodes
to move in relation to each other, creating a voltage difference.
This voltage difference can be measured and correlated to the
current acceleration. However, when creating the accelerome-
ter structure for measuring three axis at the same time in one
package, the issue of sensing a change in one axis partially in
another, or so called crosstalk, occurs.

However, the measurements from a three-axis accelerometer
can today be made very precise, with cross-talk lower than
10%, and non-linearities at 3% or lower [8]. The quadrotor
available in the SML uses a three-axis MEMS accelerometer
from Analog Devices named ADX330, which has a cross-
talk of 1% [9]. For situations where precision is not of utmost
importance one can thus use them without excessive additional
processing.

B. Gyroscope

A gyroscope measures the angular rate in one or more
axes. There are several different types of gyroscopes, but the
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type of gyroscope currently receiving the most attention is
the MEMS gyroscope. As with the MEMS accelerometers,
the MEMS gyroscopes are cheaper than previous technology
and are seeing widespread acceptance [10]. Another reason for
their success is the lack of rotating parts [11], which degrade
with time and require replacing.

There are multiple ways to detect the angular rate, but
a common way is via the Coriolis effect. The group of
gyroscopes that use the Coriolis effect are called Coriolis
vibratory gyroscopes, to which MEMS gyroscopes belong.
Inside such a gyroscope there is a mass suspended in a
structure by flexible beams. This mass is then made to oscillate
inside the structure with the help of electrodes pushing the
mass back and forth. If an external angular rate is present,
the Coriolis force will now displace the mass as it oscillates,
allowing for another set of electrodes to sense the change in
capacitance. This change can then be correlated to the angular
rate.

MEMS gyroscopes however have a quite prominent down-
side compared to other larger gyroscopes, which is low ac-
curacy. This is expressed in measurement bias and an error
that builds up with time as the gyroscope is in use. It can be
calibrated to some extent, but it will always be present. The
most cost efficient way of reducing the error is by filtering
the gyroscope signal in software. For this, Kalman filters in
combination with auto-regressive models have been shown to
give good results [12] [13].

C. Cameras

On board cameras can be used as a means of capturing an
image or a video while in operation, but they can also be used
for positioning assistance and target tracking. For imaging
usage, one can either retain the footage on board the quadrotor,
or send it via a suitable radio protocol to a base station
on ground. For positioning assistance and target tracking a
common method of data collection is by optical flow, for which
several different algorithms exist for extrapolating data from
an image feed [14]. Also, there exists dedicated optical flow
sensors with an additional layer of abstraction, that reduces
the calculations needed to be done by the control system [15].

Experiments have also been conducted on using optical flow
as a possible replacement for GPS for motion estimation,
which have shown that it could be a viable option as long
as the image has enough details for optical flow [16]. The
measurement bias and variance for optical flow measurements
will of course vary depending depending on the algorithm
employed, and one should choose an algorithm of suitable
properties. Optical flow is also a viable alternative to using
ultrasonic sensors for distance detection to objects [17] and in
turn avoidance.

III. MATHEMATICAL MODELING

Now, a mathematical model of the quadrotor is developed.
The model will be a basis for how to use the measured values
from the sensors in order to control the quadrotor. Similar
models have been derived before, for example in [4].

A. Coordinate transformations

We introduce two coordinate systems: An earth-fixed frame
denoted by the subscript E and a body-fixed frame aligned
with the quadrotor denoted by the subscript B.

Let φ, θ and ψ denote the Euler angles between the body-
fixed frame and the inertial frame, which will describe the
attitude of the quadrotor. The linear position is defined as(

x y z
)
E

[m]

in the earth-fixed frame. Further, the velocity(
u v w

)
B

[m/s]

and the angular rates of the quadrotor are defined accordingly
in the body-fixed frame(

p q r
)
B

[rad/s]

where p is the roll-rate, q is the pitch-rate and r is the yaw-rate.
We require a way to transform between the two coordinate
systems. Coordinate transforms will be denoted as BRE , here
R is the transformation matrix from system E to B. General
rotations of the body-fixed system with respect to the earth
frame can be seen as rotations around each axis separately
[18], as follows in matrix form

Rx =

1 0 0
0 cosφ sinφ
0 − sinφ cosφ

 (1)

Ry =

cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

 (2)

Rz =

 cosψ sinψ 0
− sinψ cosψ 0

0 0 1

 (3)

If a yawing movement is performed around the z axis,
followed by a pitching movement around the y axis and finally
a roll around the x axis the complete transformation is acquired
through the direction cosine matrix

R = RxRyRz

which can be used to transform between vectors in the
earth-fixed coordinate system and the body-fixed system. In
particular, the velocity of the quadrotor is transformed byẋẏ

ż


E

= ERB

uv
w


B

= R−1

uv
w


B

= RT

uv
w


B

It is important to note that transforming to the body-fixed
frame from the inertial frame through subsequent rotations
requires two intermediate frames. Therefore, the angular rates
of the quadrotor must each be transformed into the appropriate
frame to acquire correct values of roll-,pitch- and yaw rate. The
transformation matrix for the angular rates is given by [18],

S =

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

 (4)



G5B. AUTOMATIC CONTROL OF A QUADROTOR IN THE SMART BUILDING

and hence φ̇θ̇
ψ̇

 = S

pq
r


B

B. Quadrotor forces and torques

The forces and torques acting on the quadrotor that are
deemed sufficiently large to have an effect, are all from the 4
motors. See Fig. 1 for reference. The total thrust in the body-
fixed z direction is the sum of the force generated from the 4
individual motors,

T = T1 + T2 + T3 + T4 [N] (5)

The torques are M13 along the x-axis, and M24 along the
y-axis. These come in turn from the difference in generated
thrust from the motors numbered 1,3 and 2,4 respectively. For
instance, if the length from the quadrotor origin to the motor
center is l, then

M13 = l(T1 − T3) [Nm] (6)

M24 = l(T4 − T2) [Nm] (7)

The torque marked D comes from the air resistance as each
propeller rotates through the x, y plane. The drag depends on
the rotational direction of the propellers, and propeller 1 and 3
are defined to rotate counter-clockwise, and propellers 2 and
4 rotate clockwise. The torque D can now be written as a
function of the individual thrusts generated by the motors:

D = d(T1 + T3 − T2 − T4) [Nm] (8)

where d is the drag coefficient, which corresponds to the drag
or torque generated as a propeller moves through the air and
depends on the propeller geometry.

xB

yB

zBxE

yE

zE

T1

T2

T3

T4

M24

M13

D

Figure 1. Schematic over forces and torques acting on a quadrotor.

C. Dynamical equations

The governing equations for the quadrotor motion is derived
from first principles using Euler’s laws of motion. The first law
(Newton’s law) is applied in the earth-fixed frame:

FE = mv̇E

Hence,

FE =

Fx

Fy

Fz


E

= m

ẍÿ
z̈


E

(9)

The acting forces on the quadrotor are identified in the
previous section. Gravity is always acting along the z-axis
of the earth-fixed frame:

WE =

 0
0
mg


E

(10)

The thrust T is directed along the negative z-axis of the body-
fixed frame. The previously derived direction cosine matrix is
used to acquire the thrust in the earth frame:

TE = ERB

 0
0
−T


E

=

−(cosφ sin θ cosψ + sinφ sinψ)
−(cosφ sin θ sinψ − sinφ cosψ)

− cosφ cos θ


E

T

(11)
For simplicity, no other forces are assumed to act on the

quadrotor and hence

FE = WE + TE (12)

Combining (9),(10),(11) and (12) yields the following state
equations for the position of the quadrotor:

ẍ = −(cosφ sin θ cosψ + sinφ sinψ)
T

m
(13)

ÿ = −(cosφ sin θ sinψ − sinφ cosψ)
T

m
(14)

z̈ = g − cosφ cos θ
T

m
(15)

The second law in the body-fixed frame is now applied,
which states that

MB = L̇ = Iω̇B = Iω̊B + ωB × IωB

where the relative time derivative [19] is utilized. I is the
moment of inertia of the quadrotor. Since the quadrotor is
symmetric and its rotation axes coincides with the principal
axis it holds that [19]

I =

Ix 0 0
0 Iy 0
0 0 Iz


B

where Ix ≈ Iy due to symmetry. Hence,Mx

My

Mz


B

= I

ṗq̇
ṙ


B

+

pq
r


B

× I

pq
r


B

=

Ixṗ+ qr(Iz − Iy)
Iy q̇ + pr(Ix − Iz)

Iz ṙ


B

(16)

The acting torques on the quadrotor are identified in the
previous section. The torques from the propellers discussed
earlier are M13 along the y-axis M24 along the axis and
finally D along the z-axis. For simplicity, the aerodynamic
and gyroscopic moments present on the quadrotor are ignored
since they will have a relatively small effects at low speed
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and horizontal attitude. Thus, (16) gives the following state
equations for the angular rates:

ṗ =
M24

Ix
− qr Iz − Iy

Ix
(17)

q̇ =
M13

Iy
− pr Ix − Iz

Iy
(18)

ṙ =
D

Iz
(19)

which can be transformed into state equations for the Euler
angles using (4).

D. Linearization

The derived state equations describing the motion of the
quadrotor are non linear. To design controllers using basic
techniques we first linearize the model. It is obvious that the
stable state of the system is when the Euler angles tend to
zero and the quadrotor is in a hovering state with horizontal
attitude, constant altitude and zero velocity. The stable point
of the system isxy

z

 =

x0y0
z0

 φθ
ψ

 =

0
0
0


uv
w

 =

0
0
0

 pq
r

 =

0
0
0


Using sinα ≈ α and cosα ≈ 1 for small angles α and letting
the yaw angle ψ be zero, equations (13)-(15) become

ẍ ≈ −θ T
m

ÿ ≈ φ T
m

z̈ ≈ g − T

m

Also,
S → I

when the quadrotor tends to the stable point. Thus,φ̇θ̇
ψ̇

 ≈
pq
r


in a neighborhood around the stable point. Further, the cross
terms tend to 0 fast near the stable point in equations (17),(18)
and (19). Therefore, linearized state equations are as follows:

ẍ = − T
m
θ

ÿ =
T

m
φ

z̈ = g − T

m

φ̈ = ṗ = M24

θ̈ = q̇ = M13

ψ̈ = ṙ =
D

Iz

E. Transfer functions

There are 4 different type of quadrotor movements that
can be performed when the quadrotor is close to horizontal
attitude. First, horizontal movement in the x-y plane. Secondly,
vertical translation along the z-axis with constant attitude.
Finally, yawing rotations around the z-axis with constant
attitude. These movements can be described by the linearized
equations since horizontal attitude corresponds to the stable
point. Transfer functions are derived for each of the move-
ments.

1) Horizontal movement:

ẍ = − T
m
θ

At constant altitude, T is regarded as fixed, T ≈ mg. Thus,
the transfer function for movement in the x direction is given
by

X(s) = − T

ms2
Θ(s) = − g

s2
Θ(s) (20)

at constant altitude, with the longitudinal position X as
output signal and the pitch angle Θ as input signal.

The same arguments can be adapted for movement in the y
direction due to symmetry.

ÿ =
T

m
φ

and the transfer function is hence given by

Y (s) =
g

s2
Φ(s) (21)

at constant altitude, with the lateral position Y as output signal
and the roll angle Φ as input signal.

2) Vertical movement:

z̈ = g − T

m

Since T ≈ mg around constant altitude U = g − T
m is

introduced as a control signal. U = 0 corresponds to constant
altitude and deviations from this point causes vertical move-
ment. Thus, the transfer function for the vertical movement is
given by

Z(s) =
1

s2
U(s) (22)

with the vertical position Z as output signal and U = g − T
m

(implicitly the thrust T ) as input signal.
3) Yawing movement:

ψ̇ = r

ṙ =
D

Iz

The transfer function for yawing movements is given by

Ψ(s) =
1

Izs2
D(s) (23)

with the yaw angle Ψ as output signal and the torque along
the body z axis D as input signal (The yaw rate r is an
intermediate signal).
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Figure 2. Outline of control system used for automatic control of quadrotor
movement.

IV. CONTROL

We now design controllers for the quadrotor movement
using the linearized model. The control system will consist of
two sets of cascaded controllers: one for position control and
one for attitude control. The first set will include controllers
for each of the inertial coordinates x,y and z. Likewise, the
attitude control consists of controllers for the Euler angles
φ, θ and ψ. The basic outline of the control system can be
seen in Fig. 2. We will only perform a detailed design of
the position controllers and leave a brief explanation of how
attitude control can be performed.

A. Position control

Assuming a certain attitude can be attained using internal
controllers on the quadrotor the roll and pitch angles can be
regarded as input signals for movement in the horizontal plane.
For the thrust input signal, mg is always used as a base value
to stay at constant altitude and then deviate from the base
to change height. Before designing controllers we decide on
some performance criteria and introduce constraints for the
controlled variables. Since the quadrotor should closely follow
specified paths the overshoot of step responses in horizontal
movement should be low, ideally below 10%. Secondly, the
computed control signal should be bounded by a safe angle,
at most 45◦ from horizontal attitude. Otherwise the attitude
controllers can be asked to reach an angle large enough to
diverge from stable flight. Finally, the vertical controller should
ideally settle the quadrotor on a new height quicker than
5 seconds since deviations from the base value affects the
horizontal controllers. If we assume that there are no obstacles
in the vertical direction some overshoot can be accepted as
long as the quadrotor settles on a new height in a short time
span. Another idea would be to use a less aggressive vertical
controller that yields a long rise and settling time and low
overshoot to influence the horizontal movement as little as
possible. Depending on the application of the vehicle this
approach may however result in displacement that is too slow.

1) Horizontal control: The transfer functions from input
angles to horizontal position are given in (20) and (21). The
system contains two integrations and is unstable. A lead-lag
controller is introduced to control the horizontal movement.
The controller is designed using a toolbox in Matlab where
the controller is tuned until it yields satisfactory performance
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Figure 3. Step response in the y-direction for the horizontal controller.

in relation to the design specifications. The designed controller
is given by

F (s) = 0.37
(s+ 0.04)(s+ 6)

(s+ 11.98)(s+ 2.13)
(24)

The closed loop transfer function from input angle to horizon-
tal position is given by

Gc(s) =
F (s)G(s)

1 + F (s)G(s)

Due to symmetry, the controller is only verified in the y-
direction and thus

G(s) =
g

s2

The step response is shown in Fig. 3. The overshoot is ≈ 5%,
the rise time ≈ 1.8s and the settling time ≈ 23.5s. The
overshoot is low at the cost of a long settling time. This is
suitable for path tracking applications as long as the UAV
does not need to reach its goal in a short time. Therefore,
the designed controller is deemed sufficient. As specified, the
input angle must be ensured to be bounded. The control signal
can be seen in Fig. 4. The angle required to produce the
positional output is bounded by ≈ 22◦ which is considered
okay.

2) Vertical control: The transfer function from input devi-
ation from base thrust to vertical position is given in (22). It
also consists of two integrations and a lead-lag is designed in
the same manner. The controller is given by

F (s) = 10
(s+ 0.44)(s+ 1.705)

(s+ 9.93)(s+ 1)
(25)

The step response is computed and shown in Fig. 5. The
required thrust input is shown in Fig. 6.

The overshoot is ≈ 29%, the rise time ≈ 0.85s and the
settling time ≈ 4.6s. Looking at the input signal one can
deduce that during the first milliseconds the required thrust
is ≈ 2mg which implies that the horizontal transfer functions
(20) and (21) change by a factor 2. As predicted, the horizontal
movement will be affected during altitude changes; However,
the rise and settling time are quite low, as specified, and the
effect should subside fast enough for the quadrotor to keep to
its path. The price for this is a rather large overshoot.
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Figure 4. Control signal after a step reference for the horizontal controller.
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Figure 5. Step response in the z-direction for the vertical controller.
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Figure 6. Control signal after a step reference for the vertical controller.

B. Attitude control

To produce functional internal controllers for regulating
the attitude of the quadrotor, one needs knowledge of the
motor dynamics, and these differ between different vehicles.
Additionally, comprehension of flight dynamics and the aero-
dynamics of the propellers is required. We do not delve into

Figure 7. Simulink model

these subject areas and instead describe the fundamentals
of attitude control. Using a gyroscope and an accelerometer
one can acquire state estimations of the current attitude and
feed it into a control loop. The current angular rate is also
available through the gyroscope. The control structure could
then for example consist of cascaded PID controllers or an
LQ-regulator. The controllers calculate the necessary speeds
of each propeller to attain a certain reference attitude and then
send appropriate voltage signals to the motors. A more detailed
analysis of quadrotor attitude control is carried out in [20].

Finally, control of the yaw angle needs to be addressed.
If the body fixed system is not aligned with the earth fixed
system then the positional controllers will not request correct
pitch and roll angles from the attitude controllers. The problem
can be solved by keeping the yaw angle set to zero using a
controller designed with regard to eq. (23). Alternatively, the
coordinates can be transformed through axis projection in the
yaw angle which ensures that the correct attitude angles are
requested regardless of the yaw angle.

V. SIMULATION

A simulation is now constructed using the non-linear model,
which includes equations (13) - (15) and (17) - (19), in
Simulink Matlab. In the simulation, the cascading control
strategy discussed earlier is employed which make use of the
designed controllers from the linearized model. The model can
be seen in Fig. 7 and the code details is shown in Appendix
A.

The values for moment of inertia are taken from [21], where
measurements have been done on the quadrotor in the Smart
Mobility Lab, and are given by

Ix = Iy = 0.0015 [m2kg]

Iz = 0.0035 [m2kg]

The mass of the quadrotor in the simulation is 1.1 kg, which is
the same as the one in the lab. The attitude control is simulated
using cascaded PID controllers that were tuned using an
optimization tool in Matlab, and the ”Attitude control” block
thus resemble functional controllers to which reference angles
are sent. The simulation does not include motor dynamics
and the attitude controllers calculate force and torque directly
with no intermediate motor considerations. The output of the
simulations are plots of the positional variables that can be
analyzed and also an animation that visualizes the quadrotor
movement. Plots of step responses in all 3 directions, both
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Figure 8. Horizontal step responses in the non linear simulation. One step
response (solid line) occurs at the same time as a vertical step is applied.
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Figure 9. Vertical step response in the non linear simulation

movements in several directions simultaneously and not, can
be seen in Fig. 8 and Fig. 9.

The controllers performance in the non-linear model is
reduced compared to the linear model, in terms of increased
overshoot and prolonged rise and settling time. The predicted
coupling between the variables is apparent as the overshoot
in horizontal movement is increased if a vertical step occurs
at the same time. However, the outputs are stable and the
control strategy seems viable, at least in an ideal situation.
In a real implementation, there are a lot of uncertainties such
as: motor dynamics, wind disturbances and irregularities in
the vehicle. Hence, the designed controllers will probably not
work as well as in the ideal case and may not even produce a
stable control loop. The simulation is modular and can easily
be extended to model the aforementioned uncertainties and
the theoretically designed controllers could then be improved
to work better in a real situation. However, it is very hard to
take all uncertainties into account, and the theoretical approach
may never result in optimal controllers. Instead, a way to
go about is to implement the cascading control strategy, but
tune the parameters manually. The tuning should be carried
out with regard to the theoretical observations; in particular,

the coupling between the signals. Implementing the control
strategy should result in stable quadrotor movement and the
parameters can then be fine-tuned to yield good performance.

VI. EXPERIMENTAL IMPLEMENTATION

A practical implementation of the quadrotor control loop
is performed in the Smart Mobility Lab (SML) at KTH. The
quadrotors in the lab include functional commercial attitude
controllers [4] that are observed to perform very well and do
not require further tuning. As such, the control strategy can
be implemented by introducing positional controllers on top
of the existing attitude controllers and tune them manually.

Communication with the quadrotor is done over a one-
way IEEE 802.15.4 implementation called Tmote Sky, which
allows a 10 Hz update frequency, something which was
determined experimentally.

The flow of data in the lab can be seen in Fig. 10. The
positional controller in LabVIEW retrieves data from the
motion capture system and uses this together with the current
positional setpoint to send a reference signal for throttle &
attitude. The reference signal is sent through the Tmote link
to the quad, upon which the attitude controller reacts to the
reference signal and aligns the quadrotor to it.

A. Sensors

The lab is equipped with a collection of motion capture
cameras from Qualisys, enabling millimeter-precision mea-
surements of certain infrared markers. These infrared markers
were attached to the quadrotor and defined as a group in the
camera system, allowing for measurements of 6 degrees of
freedom of the quadrotor: x,y,z position, pitch, roll and yaw
angles. This system was used as the sensor feedback regarding
position and attitude of the quadrotor. The data acquisition
speed from the Qualisys system is much greater than 10 Hz
and as such the communication link to the quadrotor was the
limiting factor.

Sensor feedback and control loops for positional control
was handled on a stationary computer on the ground, which
sent four input signals to the quadrotor: throttle, pitch, roll
and yaw rate. No sensor data from the quadrotor was sent
to the computer, all sensor input for the positional control
was retrieved from the Qualisys system. Our original plans
included mounting a camera or ultrasonic sensor on the
quadrotor for doing optical flow and distance measurements
as a sort of sensor feedback. However, cameras were deemed
inappropriate given the radio links available [22], and in gen-
eral the prospect of mounting additional sensors was deemed
out of the scope of this project. The quadrotor itself however
did of course use the measurements from the gyroscope and
accelerometer in order to keep itself stable at the reference
signal that was sent to it.

B. Ground station

The processing of data and communication with the quadro-
tor was done in LabVIEW on the ground computer. We
received a base file that was already set up to retrieve data
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from the Qualisys system, and send the reference signals to the
quadrotor. However, no safety features apart from immediately
turning of the motors were implemented. As such, most of the
work put in to the LabVIEW program was to make sure that
no erroneous signals would be sent to the quadrotor and that
it could be landed safely no matter what. An overview of the
main LabVIEW program and the subroutine for the control
implementation can be seen in Appendix B.

Positional
Control

Computer
TMote

Quadrotor
TMote

Attitude
Control

Quadrotor

Motion
capture
system

Figure 10. Overview of data flow in the lab. Dashed lines represent wireless
connections, dotted lines optical observations, solid lines represent normal
connections.

1) Safety features: At times, the motion capture system was
unable to detect enough markers for calculating the position of
the quadrotor; when this happens, it returns data that without
processing is treated as +∞ in LabVIEW, which if unhandled
will disturb the control loop. Our solution to this was to always
store the last good output from the motion capture system, and
in case the current output was problematic, use the last one. A
more sophisticated approach would be to model the quadrotor
and it’s movements and estimate where it currently is at.
However, the duration of signal loss is usually short enough
to not impact performance negatively when using previous
measurements and the solution was deemed good enough.

For emergency stops, turning off the motors instantly is
required; however, turning off the motors in mid air will
leave the quadrotor as a brick, which even at an altitude
of just 1 meter is probable to prove fatal for at least a
propeller and possibly one of its arms. In order to reduce
this chance, measurements for what throttle is required to
almost lift the quadrotor were conducted. The throttle value
was then, together with attitude signals corresponding to the
quadrotor being level, prepared to be sent when a button for
safety descent is pressed. When these signals are sent, the
quadrotor descends in a moderately quick pace and lands with
the correct side down, where a styrofoam base protects all parts

Figure 11. The quadrotor used for experimental implementation

from impact. See Fig. 11 for a picture of the quadrotor flown
in the lab, including the protective styrofoam base.

This system was in use extensively, and since implementa-
tion the quadrotor did not experience any crash at all, even
under very aggressive control implementations that were not
stable.

As a passive safety system, both input and output values
sent to the quadrotors were sanitized. No position or altitude
reference could be sent to the controllers that exceeded certain
dimensions selected as a flyable area inside the lab. For the
output, the signals were restricted to be within a certain
distance from the setpoint corresponding to a throttle value
around hovering and certain angles from level position. The
throttle was limited to never exceed 70% of the maximum
throttle, as even with this limitation the quadrotor was fast
enough and higher values would only demand quicker reac-
tions on the safety controls. The angles selected were about
±20◦ in the pitch & roll direction and the yaw-rate was limited
to ±20◦/s. Angle limitations were done in order to reduce the
possibility of the quadrotor quickly moving out of the safe
flying zone.

Should the quadrotor despite the safety features ascend to
an altitude above a certain height, the signals for a safe descent
would automatically send and refuse to unlock until a program
restart, in order to protect equipment mounted in the ceiling
even when the operator is unable to react quick enough. No
such feature was developed for horizontal movements, as it
was deemed to do more damage than good in case of a quick
sideways movement where the best chance to avoid damage
would be to let the controller move the quadrotor back towards
the center, something descending would interrupt.

2) Control: PID controllers are utilized since they are easy
to implement in the lab and are suitable for manual tuning.
For positional control, 3 PID controllers were used: one for
altitude, affecting the throttle signal sent to the quadrotor; two
for horizontal position, one for the x-direction and another for
y. In theory the x and y controllers should be the same, as the
quadrotor body is assumed to be symmetrical in the direction
of it’s arms. However, this was found out not to be the case,
as one direction required a more aggressive tuning than the
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other in order to keep it positioned within a setpoint. The
horizontal controllers output was then transformed according
to the rotation matrix (3), in order to control the quadrotor
even if the yaw angle was different from the initial one.

For the yaw-angle a P controller was deemed sufficient, as
the angle was kept close enough to the requested setpoint with
only a proportional controller.

3) Path planning: A simple time-based waypoint system
was implemented, allowing for waypoints to be defined be-
forehand and then followed by the quadrotor. The waypoint
system simply takes a vector of x, y, z, yaw and the time
to wait once the position has been attained. The waypoints
are stored as matrix and whenever the quadrotor has held its
position within a certain threshold of the current waypoint, the
next one is retrieved and fed to the positional controllers.

C. Results

The final PID parameters can be seen in table I. These
were tuned in order for a balanced performance capable of
both quick outdoor movements and relatively precise indoor
maneuvers.

The quadrotor achieved good reference tracking in the y
direction, see Fig. 12. However, despite lengthy attempts we
were unable to get the other positional controller in the x-
direction to behave nearly as good. See Fig. 13.
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Figure 12. Quadrotor (blue) following Y reference (dashed red). Initial
disturbance during takeoff around 5 s.
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Figure 13. Quadrotor (blue) following X reference (dashed red)

Reference tracking of the simple proportional controller
for the yaw can be observed in Fig. 14. The deviation from
setpoint were observed to be at most 10◦ when the reference
signal was stationary, a deviation which was accepted and as
such no integral or derivative part was added.

The altitude controller can be seen functioning in Fig. 15.
The integral part of the controller is the most significant
contribution since it corrects for the rapidly decreasing battery
level, which requires a higher throttle signal to be sent in order
to achieve the same thrust.
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Figure 14. Quadrotor (blue) responding to a series of steps in yaw angle
(dashed red)
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Figure 15. Quadrotor (blue) answering to altitude step (dashed red)

The waypoint system was used for testing real-world step
characteristics and the ability to fly in various geometric
shapes such as circles and squares, as well as altitude changes
in combination with large yaw-changes. Reference tracking of
a circle split into 40 waypoints can be seen in Fig. 16. The
flight was performed at an altitude of 1.3m. The radial RMS
error for one revolution was 124 mm, which is declared as
adequate for the quadrotor’s purposes.

The yaw-angle was mostly left fixed during flights, as even
though we could control the quadrotor in different yaw-angles,
the performance of the controllers was affected with a change
in yaw angle. As such, we tuned the controllers for one angle
and let the quad be oriented towards that angle throughout its
flights.
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Figure 16. Quadrotor (blue) following a reference circle (dashed red)
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Table I
FINAL PID PARAMETERS FROM THE LAB FOR THE VARIOUS

CONTROLLERS

X Y Height Yaw

Kp 23 20 20 1

Ki 2 1.5 7 -

Kd 20 20 7 -

VII. DISCUSSION

As could be seen in the simulations as well as in the
experimental results, the control strategy seems viable for
practical use. The quadrotor could follow simple paths with
relatively small error.

The assumption that the positional variables are decoupled
and independent of each other when the attitude is horizontal
is not entirely correct. Positional changes in the x and y
direction simultaneously showed signs of coupling between the
controllers as the quadrotor took longer to reach its setpoint.
The coupling between x and y in the lab can be explained
to some extent by the quadrotor in the lab not being as
symmetrical as expected.

Compensations were included to make the positional con-
trollers independent of the yaw angle. However the difference
in output from the motors during a change in yaw causes
the quadrotor to deviate from its setpoint, which reveals that
adapting the positional controllers to be yaw angle independent
is not enough to keep the quadrotor at its setpoint, at least not
in the current experimental set up.

In the mathematical model, the x and y movements are
affected by the thrust from the motors, which degrades con-
troller performance in simulations. The same phenomenon
was experienced during the practical implementation, as the
quadrotor deviated from its positional set point during take
off. Also, trying to move in the x or y direction resulted in
a non horizontal attitude, which decreased the force available
for lifting the quad. The altitude controller would then increase
the throttle in order to keep the quad at the same height, which
gave the positional controllers a quicker response, but the risk
of overshoot also increased.

From both the simulation and the implementation one can
observe the pay-off for different controllers. Using a conser-
vative set of controllers the quadrotor can closely follow its
given path, but it may take a long time. An aggressive set
of controllers can follow the trajectory much faster, but with
increased error. The performance aspect that is valued higher
differs for different applications and one should always weigh
the speed against the precision of the movement in relation to
the given task.

Out of the four resulting controllers in the lab, we were
pleased with the performance of three of them; altitude, y
and yaw all tracked references good. However, we were not
able to pinpoint the reason for why the x-controller never got
close to the performance of the, in theory identical, controller
in the y-direction. Some ideas for why this happened is un-
symmetrical arms and possible motor disparities, but there
could be many more reasons. The signal to be sent for both

the pitch and roll angles to keep the quadrotor level was
also not exactly at the values where they should have been
according to the specifications. Once this was discovered the
controllers had a much easier time at keeping the quadrotor
in the desired position, but even with larger offsets sent for
the angle corresponding to the x-axis, the x-controller never
performed as good as the y-controller.

A better trajectory planning algorithm could be built upon
the waypoint system, as the output of the trajectory planning
will in all cases be a couple of waypoints that the quadrotor
should follow. A very simple trajectory planning algorithm that
does not implement object detection and possible collisions
would be to simply split a provided path into shorter sub paths
that ensure that the system is kept stable with less aggressive
changes from the positional controllers.

Finally, one should point out that the flight time of the
quadrotor used in the SML is around five to ten minutes, and
its usefulness in the smart building seems limited. However,
the set up is just a prototype, and with a higher budget one
can construct a vehicle with longer flight time. Also, the
performance attained in the experiment seems enough for it
to perform simple tasks, even though a prototype was used. A
more polished product should therefore be viable for use in
or around the smart building.

VIII. APPLICATIONS

Since quadrotors, especially of this size and up, are quite
noisy, their use for the smart building is mostly outdoors
where they could fly at an altitude high enough to decrease
the disturbance felt by people on the ground. With cameras
mounted to quadrotors, they could be used outside as mobile
security cameras, tracking a target and transmitting video to an
operator. For example, in the case of a break-in, the quadrotor
could follow the villain and report position and video feed
to local authorities. A UAV could vastly outperform a fixed
camera network for tracking a moving target, as it will be
able to keep the target in view at all times, which would
be very expensive to do using stationary cameras. However,
monitoring has ethical implications in case of misuse, such as
someone spying on innocent civilians via the quadrotor.

A possible new use of quadrotors could be to transport
mail between smart buildings in a block. The postal company
delivers all the mail to a specified location in the block, from
where quadrotors then deliver it to the individual buildings
and drops it off for the individual floors in each building. The
impact from this would either be time saving for the mailman,
or make his service obsolete in case quadrotors could deliver
the mail all the way from the sorting facility to the block. A
practical way of delivering the mail needs to be implemented
for apartment buildings. The post can for example be delivered
to the roof and then transported through tubes in the building
to the individual apartments, or the quadrotor delivers the mail
to the individual apartments by itself.

Another possible new implementation could be miniature
fertilizer or pesticide dispensers for tiny farmlands (say the
size of a roof), where a tractor or airplane is too large. A
quadrotor could in a couple of passes do what would otherwise
require manual labor due to space constraints.
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Smaller quadrotors could be of greater use indoors, for
example to provide camera vision in a room where cameras
are not usually mounted. This could be of use to assist elderly
in an emergency for when medical personnel needs vision on
sight but are unable to transport themselves there, either due
to lack of resources or time.

Smaller quadrotors could as well be mounted with sensors
to capture various information about its surroundings, such as
temperature and humidity and then fly through the building in
general in order to measure the required quantities.

IX. CONCLUSION

In this project a mathematical model of a quadrotor was
created. It was then used as a base for simulations that
continued on into an experimental implementation. The ex-
perimental implementation produced a control system capable
of holding the quadrotor in a desired position, as well as
a waypoint system and necessary safety features. In brief,
the cascading control strategy could be implemented as a
commercial product that have various applications in the smart
building.

X. FUTURE WORK

It would be interesting to have used only on-board compo-
nents for controlling the quadrotor, as no other sensors than
those needed to keep the quadrotor stable were mounted and
installing other sensors was deemed to be out of the scope of
this project. On board sensors that keep track of the quadrotors
position is essential if the purpose is to fly outdoors, as the
camera system would not be available.

Future work done on quadrotors in the SML that utilizes
LabVIEW could benefit from using our framework built up
around security and ease of use, in order to shorten develop-
ment time. A more in depth theoretical study could also be
carried out. The model and simulation can be improved by for
example including more disturbances. Such work could benefit
from using the constructed simulation since it can easily be
extended.
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APPENDIX A
SIMULINK MODEL
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APPENDIX B
LABVIEW CODE
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