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Control of a small quadrotor for swarm operation
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Small quadrotors, or so-called nanoquads, are widely available, typically have small take-off mass (between 12–50 g),
and a flight time of about 5–10 minutes. The aim of this article is the proposal of control and development of the basic
infrastructure for controlling a swarm nanoquads from an external computer and obtaining measurements from an onboard
sensor. Control of nanoquad attitude and position is proposed and control allocation problem is addressed. Additionally,
landing and collision detection is implemented using external disturbance force estimation. Results of the proposed control
methods are verified in 4 scenarios: hover flight, manual control, step response, and collision and landing detection.
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1 Introduction
Advancements in Unmanned Aerial Vehicle (UAV)
technology have allowed the construction of ever-smaller
quadrotors with increasing onboard computational power
and flight performance. In the recent years, several new
quadrotors have been developed specifically for research
purposes, such as in [1–3] or [19], ranging in size and onboard computational power. Lately, several commercial
and/or open-source projects have also become available,
such as the Crazyflie [4] or Phenox [5], which are highly
suitable for research work.
Previous quadrotor swarm projects have so far featured a centralized, non-autonomous approach, where a
single computer (ground station) is running position controllers for all quadrotors in the swarm [1, 6, 21]. As of the
time of writing (2016), a decentralized approach, where
each of the quadrotors runs its own position controller has
been so far relatively uncommon and related research only
started to appear very recently [3, 7]. In [7] authors implemented a swarm of 49 Crazyflie 2.0 quadcopters with
on-board position control and centralized trajectory generation. They found the same limitations mainly regarding motion tracking and radio packet throughput. This
work has been carried out simultaneously and independently from us between years 2015 – 2016 and still arrived
at similar conclusions, which generally confirms the chosen approach towards solving this problem.
The goal of our work was to develop the basic infrastructure controlling of swarm of nanoquads from an
external computer and obtaining measurements from an
onboard sensor. The nanoquads must be cheap, easily
procurable and extendable, must have sufficient payload
for sensors, and possibility to control it externally.

In this paper, an approach where each of the quadrotors is semi-autonomous is implemented – it runs its
own position controller in the on-board firmware, based
on current pose data and commands received from the
ground station, therefore the task of position control becomes decentralized. The ground station is responsible
only for gathering of pose data and flight trajectory computation and generation. It then commands the individual quadrotors with waypoints (position, velocity, acceleration.) based on the generated trajectory. Furthermore,
each quadrotor is equipped with a sensor to be capable of remote sensing and survey. The development of a
quaternion-based attitude controller with torque disturbance observer is shown, replacing the default Euler angle controller. A position controller along with external
disturbance force observer is implemented, which is also
utilized to detect collisions and landing of the quadrotor.

2 Position tracking
Estimating the pose of a quadcopter in space is essential for any UAV. In many cases, this is accomplished
by means of a motion capture system. It typically consists of several infrared cameras mounted statically in a
room and a dedicated computer, which processes the data
from all cameras and runs pose estimation algorithms.
User interface software is provided for adjusting the system parameters, managing the tracked objects and for
viewing, recording and playback of the pose data. In our
experiments a Vicon Bonita B10 system consisting of 14
cameras with a total tracking volume of 6 × 10 × 3.2 meters was used. The pose estimation runs at 250 Hz and
the object pose data is available via a network packet
stream.
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Fig. 1. Overview of the on crazyflie 2.0 platform with our IR LED
tracking body

A motion capture system such as Vicon or ART typically uses Infrared (IR) cameras equipped with IR strobe
units. The strobe pulse is synchronized with the camera shutter to illuminate the scene while an image is
being captured. Most motion capture systems use ballshaped tracking markers coated in retro-reflective material. These are often referred to as passive markers, since
they do not actively emit light. When illuminated by
IR light from the strobe, these markers appear as very
bright, well-defined blobs in the camera picture. Another
approach is to use infrared light emitting diodes (LED).
The emitted light is detected the same way as with passive
markers, however due to the much smaller size of a LED
the maximum detection distance is decreased. The LED
also has a narrower angle of view (ie 120◦ ) when compared to a passive marker, therefore the possible detection angle is decreased. LED-based markers are referred
to as active markers.
The system then runs blob detection to determine the
2D position of the center of each detected blob within
the camera frame and uses data from cameras which see
the marker to triangulate the overall 3D position of the
marker. To accurately estimate the position and orientation of an object in 3D space, multiple markers (typically
4-5) have to be used. For this purpose, a tracking body is
composed of multiple markers at defined distances from
each other. There are several requirements and constrains
for the shape of the body:
• The shape of the body must not be symmetrical.
• The shape must be very rigid and remain mechanically
stable.
• The individual markers must be separated by a certain
minimum distance. This distance is proportional to the
marker diameter, the camera resolution, the maximum
distance from the camera and the strobe intensity.
• For tracking multiple objects, each object requires a
separate and unique tracking body.
In a traditional system, the markers have to be large
enough to be reliably and accurately detected by the
cameras. For optimal results, it is generally recommended

to use as large tracking markers as the tracked object
allows or can carry. Commonly available markers range
from roughly 15 mm to 30 mm in diameter. However,
small quadcopters such as the Crazyflie with their small
size and lift capability are simply not capable of carrying
these. This issue is usually solved by using a very small
markers, as can be seen eg in [1] or [2]. Markers roughly
10 mm in diameter were used on a platform which is much
larger than the Crazyflie and therefore the markers could
be placed in a way that they do not get overlaid by the
quadcopter body.
In order to overcome this problem, the first attempt
was to use active markers based on infrared LEDs. The
Vishay VSMF4710 LED (λ = 870 nm, 120◦ viewing angle, If = 100 mA) [8] was chosen as our starting point.
4 LEDs connected in two parallel strings of two LEDs
with a 10 Ω current limiting resistor were used. The
strings are connected to the positive pole of the main
3.7 V Lithium-polymer (LiPo) battery via a Crazyflie expansion/breakout board. As of now, the LEDs are operated continuously. The tracking body is built from 3 mm
diameter carbon fiber tubes glued to the expansion board
to form an asymmetrical X-shape (Fig. 1), and a LED
is glued on each end of the tubes. The assembly weighs
3.3 g and is connected to the Crazyflie as a regular expansion board. In comparison to mounting the LEDs directly
onto the Crazyflie frame, this construction improves visibility of the markers and provides more freedom to create
unique combinations of marker positions.
However, using LED-based markers does have some
disadvantages. As discussed before, the smaller apparent
blob size decreases the maximum detection distance from
the camera and may result in a less accurate position
estimate. The Vicon system considers blobs under a certain configurable size as invalid to avoid false detections
caused eg by a metallic reflection. The second issue is the
power consumption. Since each LED has forward voltage Vf = 1.5 V and drive current If = 100 mA, and the
Crazyflie has a battery with only 240 mAh capacity, this
additional power drain can significantly reduce the flight
time.
This problem could be solved by modulating the
LEDs at the motion capture system update frequency
(ie 250 Hz) and to have them turned on only for the duration of frame capture, therefore lowering the duty cycle
(and power consumption) significantly. The simplest solution is to detect the IR strobe pulse with a photodiode
and use a comparator to modulate the marker LEDs. A
simple circuit similar to [9] could be used for this purpose.
Given the problems associated with LED-based markers, it was also attempted to use passive markers for motion tracking. Hemispheres with diameter of 7 mm coated
in retro-reflective material were used, creating tracking
bodies composed of 4 or 5 of these markers. An example configuration can be seen in Fig. 2. The markers were
glued directly onto the quadrotor frame. The advantage
of the passive markers is the reduced weight and zero
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Fig. 2. Crazyflie 2.0 with passive markers and a protective shroud

it takes the raw point cloud from the motion capture system as the input and for each frame uses ICP to register
the last known pose of the quadrotor to the current point
cloud. This approach is capable of estimating the quadrotors pose at 75 Hz with 49 quadrotors flying simultaneously. It successfully solves the problem of having enough
unique tracking bodies, at the cost of increased implementation complexity.
In the end, it was found that the passive markers
are more advantageous over the LED based markers and
it was decided to use them for experiments (Figure 3).
However, if it is desirable to expand the quadrotor swarm
to a higher count, the approach to tracking will have
to adapt in order to create additional unique tracking
bodies.

3 Control

Fig. 3. A comparison of camera images from Vicon motion capture
system: left – an off-the shelf passive marker, right – active LED
marker; the individual rows represent views from three different
cameras at various distances from the markers, the faint blue cross
represents a selected marker

power draw, thanks to which the flight time is increased.
The construction is also greatly simplified. However, compared to the previously proposed LED-based tracking
body, it is more difficult to create multiple unique tracking bodies, because the quadrotor frame offers relatively
few locations, where a marker can be placed. Also, markers of this size are approaching the limit of what can be
reliably detected by our relatively large volume motion
tracking system. Lastly, adding a protective shroud such
as in Figure 2 can occlude some of the markers and make
the tracking less reliable. This shroud was designed to
enable collision detection, to provide protection to the
quadrotors and to improve human safety.
The problem of creating enough unique marker combinations has been approached differently in [7]. Authors
used identical tracking bodies for all of their quadrotors
and implemented their own tracking software using an
Iterative Closest Point (ICP) algorithm able to handle
the identical bodies. With each new pose measurement,

The required properties of nanoquads are low price,
easy procurement and extension, sufficient payload, and
possible external control. After evaluating all available
platforms, it was decided to use the Crazyflie 2.0. The
original Crazyflie 2.0 firmware utilizes an Euler anglebased proportional-integral-derivative (PID) attitude
controller implemented as a cascade controller. The inner
loop is comprised of a P angular rate controller, and the
outer loop is a PI Euler angle controller.
Euler angles-based attitude controllers suffer from rotational singularities. To address this issue, a quaternionbased proportional-derivative (PD) attitude controller
with an angular acceleration-based disturbance observer
(DO) was implemented. The attitude controller design
follows the approach presented in [18]. In addition, a
second-order quaternion pre-filter with angular velocity
feed-forward was implemented. This implementation is
designed to be an “in-place” replacement of the old controller, maintaining backwards compatibility with the rest
of the firmware structure.
The state of the quadrotor in free flight is described
by the position p = [ x y z ]⊤ and attitude unit
quaternion qbi (Figs. 4, 5). The attitude control torques
τ = [τx τy τz ]⊤ are exerted by the four propellers, along
with a total thrust force f . The model uncertainties and
external disturbances are represented by the terms fe and
d . The quadrotor dynamics can be then described using
the translational acceleration p̈ and the rotational acceleration ω̇
mp̈ = m ≥3 +Rib f + fe ,
(1)
J ω̇ = (Jω) × ω + τ + d

(2)

where m is the quadrotor mass and moment of inertia, g
is the gravitational acceleration vector and e3 = [0 0 1]⊤
is the unity vector in the direction of the inertial z axis. The rotation matrix Rib describes the quadrotors
current attitude in the inertial reference frame and can be
calculated from qbi . J denotes a 3×3 matrix with values
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The orientation of the quadcopter body-fixed frame
B in the Vicon motion capture system reference frame
IV is described by a unit quaternion qbi . This quaternion is obtained from the on-board sensor fusion, which
processes data from the on-board 6-axis inertial measurement unit (IMU) using the Mahony attitude and heading
reference system (AHRS) algorithm [2, 12] at 500 Hz update rate. The on-board sensor fusion also incorporates
basic signal conditioning, most importantly a low pass filter of the gyroscope data. The quaternion used internally
by the AHRS algorithm is also updated using pose measurements from the Vicon motion tracking system which
enhances attitude estimation accuracy and eliminates the
effect of yaw drift caused by gyroscope bias. The coordinate frame of the quadrotor (Fig. 6) is chosen to match
the coordinate frame of the IMU. The orientation of the
desired frame D is described by the unit quaternion qdi .
Figure 6 shows the high-level block diagram of the
Crazyflie control system. The desired quaternion qdi . is
obtained either from the remote-control input, or from
the position controller output (represented by switches in
the block diagram). The remote control input consists of
desired Euler angles [Φ( ◦ ), Θ( ◦ ), Ψ( ◦ s−1 )]⊤ and Thrust
T , a 16-bit unsigned integer representing total thrust between 0 N and cca 0.6 N [14]. To maintain backwards
compatibility with the rest of the system (ie the Crazyflie
Client software and the Crazyflie smartphone application), which relies on sending/receiving these commands
in degrees, the Euler angles need to be first converted
into radians, before being transformed into the quaternion qdi [15].
The goal of the attitude controller is to align the body
e
frame B with the desired frame D . The quaternion q
describes the transformation from coordinate frame B to
the coordinate frame D , or in other words the quaternion
e = qdb = qdi ⊗ qbi .
error between B and D , such q
The error quaternion is calculated as
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Fig. 4. Pose of the quadrotor body frame B in inertial frame of
reference IV
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Fig. 5. Quaternion transformations between inertial, desired and
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of mass moment of inertia around principal rotational
axes of the quadrotor on the diagonal


Jx
J= 0
0

0
Jy
0


0
0 .
Jz

(3)

Values of J were obtained using the simplified method
described in [11] and [20]. In this paper the following
quaternion notation is used
q = [η

⊤

ǫ] = [w

x y

z]

⊤

e=
q

(4)

where η = w is the scalar part and ǫ = [x y z]⊤ is the
vector part.
pd, Yd
pbi

qdi
T

RC Input

qdi

ηdi
−ǫdi

ǫ⊤
di
ηdi I − S(ǫdi )



Quaternion
filter

ηbi
ǫbi



(5)

where S(q) is a 3 × 3 skew-symmetric operator matrix.
The desired torque τ is calculated by the control law,
T

T
Position
controller



qdf
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IMU
State
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Fig. 6. High-level block diagram of the crazyflie control system

Vicon
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3.2 Control allocation
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Fig. 7. Motors M1..4 with propellers spinning at angular velocities
ω1..4 generate thrust forces F1..4 and propeller drag torques Q1..4

which is defined as
τ = [ τx

τy

⊤

τz ] = J(−Kd ω − 2ηK
e p ǫe)

(6)

where Kp and Kd are the proportional and derivative
e = [ηe ǫe]⊤ is the quaternion
gain matrices, respectivel q
orientation error obtained from (5) and ω is the vector
of angular velocities of the quadrotor obtained from the
IMU.
Furthermore, the second-order quaternion filter as proposed in [16] was implemented. The filter takes the desired quaternion qdi (t) as the input and produces the
filtered desired quaternion qdf (t) and the corresponding
desired angular velocity ωdf (t) as the output. The filter
is defined as
⊤

ef = [ηef ǫef ] = qdi ⊗ qdf ,
q

ω˙df = α(−2ηef ǫef − ωdf ) ,

Ω = Bu

(8)

τ = J(−Kd (ω − ωdf ) − 2ηef i Kp ǫef i )

(10)

d = J ω̇ − (Jω) × ω − τ .

(11)

ef i =
where the quaternion error is now calculated as q
qdf × qbi . A model-based disturbance observer (DO) is
implemented in order to improve the attitude tracking
performance. From the system model (2) the disturbance
d of the control torque τ can be expressed as

As our angular velocities are usually small and decoupled, the effect of the Coriolis term (Jω) × ω) can be
neglected in the normal flight. Since the angular acceleration is obtained by differentiating the IMU gyroscope
data and is thereby noisy, a simple low pass filter with the
gain KDO,a is implemented and the total disturbance esb is integrated over time
timate d
(12)

(13)

where B is the control allocation matrix. Using the standard torque equation τ = r × F , where r is the position
vector and F is the force vector, the contribution of each
motor to the overall torque around the x and y axes can
be identified (14a,b). The torque around the z axis is
the sum of individual rotor drag torques Qi (14c). Total thrust force T is the sum of individual motor thrust
forces Ti (14d).

(7)

1
edf = q
ef ⊗ ωdf
q
(9)
2
where α is the filter gain. The multiplication in (9) is
quaternion multiplication, where ωdf is treated as a vector quaternion. Filtered desired quaternion and the desired angular velocity into the control law are then incorporated

ḃ = K
b
d
DO,a (d − d] .

The control input Ω = [τx τy τz T ]⊤ consists of the
desired torques τx, y, z (Nm) around the principal axes
and the thrust force T (N ). It is needed to calculate the
motor control input u = [T1 T2 T3 T4 ]⊤ , Ti being the desired thrust force of the i -th motor. To determine the control allocation, the simplified quadrotor dynamics model
depicted in Fig. 7 was used. Motors M1...4 with propellers
are placed 90 ◦ apart in one plane at the distance L from
the center of mass. Each propeller, spinning at an angular velocity ωi produces a thrust force Fi = kF ω 2 in the
direction of the frame z axis and a propeller drag torque
Qi = k0 ω 2 with the direction opposite of ωi . The coefficients kF and kQ are the propeller thrust and drag
coefficients, respectively. The control allocation problem
can subsequently be formulated as

τx = (−T1 − T2 + T3 + T4 )L cos

π
4

(14a)

τy = (−T1 + T2 + T3 − T4 )L sin

π
4

(14b)

τz = −Q1 + Q2 − Q3 + Q4
T =

4
X

Ti

(14c)
(14d)

i=1

To obtain the matrix B , equations (14a–d) are expressed
in matrix form


 
−L cos π4 −L cos π4 L cos π4 L cos π4
T1
 −L sin π L sin π L sin π −L sin π   T2 
4
4
4
4 
Ω=
 −k
 T3 
k
−k
k
T4
1
1
1
1
(15)
where k is the torque-thrust coefficient defined as k =
kQ
kF , such that Qi = kTi . The motor control output is
consequently obtained by inverting (15)
Ω = B −1 u

(16)

Since the matrix B is constant, this inversion can be precomputed and implemented statically. Finally, the overall
block diagram of the attitude controller can be seen in
Fig. 8.
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of the quadrotor is tracked using LED-based and passive tracking markers, giving the orientation qmv of the
marker frame M in the frame IV . Inevitably, a misalignment is present between M and the body frame B
(Fig. 9). Therefore, to obtain the actual orientation qbv
of B in the frame IV a calibration quaternion qbm is introduced, so that qbv = qbm ⊗ qmv . The virtual control
force in the inertial frame of reference fi = [fx fy fz ]⊤ is
calculated as
fi = m(−Kd v − Kp (pb − pd )) + mg

Iv
Fig. 9. Misalignment and transformation between marker frame
M and body frame B

fe
T

mg

Fig. 10. Disturbance force during hover flight

3.3 Position control
The pose pb of the quadrotor in the Vicon motion
capture system frame IV is described by the position
pb = [x y z]⊤ and an orientation unit quaternion qbi .
The control input is obtained from the received desired
pose commands, which consists of a desired position pd =
[xd yd zd ]⊤ and a desired angular velocity around the yaw
axis Ψ̇ . The goal of the position controller is to track the
desired position pd and a yaw angle Ψ around the inertial
z -axis obtained by integrating Ψ̇ .
To accomplish this, a PD (proportional-derivative)
controller with acceleration-based disturbance observer is
implemented, which calculates a control force f in the inertial frame of reference. The update rate is chosen to be
100 Hz. Additionally, a third-order filter is applied to the
position measurements pb (t) in order to create a position, velocity and acceleration feedforward, which in turn
improves the trajectory tracking performance. The pose

(17)

where Kp , Kd are the proportional and derivative diagonal gain matrices, respectively m is the nominal mass
of the quadrotor and g = [0 0 9.81]⊤ (ms−2 ) is the
gravitational acceleration vector.
A third-order filter with nominal frequency Λ =
5 rad/s is implemented to realize the desired pose feedforward. It takes the received desired position pd,0 and
produces the filtered desired position pd , desired velocity ṗd and the desired acceleration p̈d . Importantly, it
is run for each axis independently. Therefore, the bold
vector notation was omitted in the following filter definitions, since it is dealt with scalars only. The filter is
defined as


 
   
ṗd
0
1
0
pd
0
 p̈d  =  0
  ṗd  +  0  pd,0 . (18)
0
1
...
pd
p̈d
−Λ3 −3Λ2 −3Λ
Λ3
The quadrotor velocity v = ṗb was initially obtained by
simply differentiating the position upon each pose packet
arrival. However, this solution was very sensitive to variations in packet arrival timing, which were caused by the
radio link re-transmission delays and by the fact that pose
packets are not being sent to the quadrotor when the
tracking target is occluded. To address these issues, an
additional third-order filter is implemented, which takes
the quadrotor body pose pb,0 and produces the filtered
ḃ b and acceleration p
b̈ b signals. This
bb , velocity p
position p
filter is also run independently for each axis. It is defined
analogically to (18) with the nominal filter frequency
Λ = 30 rad/s.
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where ab is the measured acceleration in the body frame
including gravity and T (N) is the thrust force in the
body frame. Since the control force fi is already being
calculated in the inertial frame, the disturbance force was
chosen to calculate also in the inertial frame.

fz
f

k
fxy

zii

zf

Therefore, (22) becomes

yf

fe = mRib ab − Rib [ 0

yii
xii

0 T]

⊤

(23)

where the rotation matrix Rib describes the quadrotors
current attitude in the inertial reference frame. For the
implementation, rotation matrices were used instead of
quaternions, however the concept could be applied analogically to quaternion-based attitude representation.
The disturbance force estimate fbe is afterwards ob-

xf

Fig. 11. Thrust transformation qf

zy

tained by low pass filtering the measured disturbance fe
in order to remove high frequency noise introduced by
accelerometer measurements

xy
xii

yy

fḃe = KDO,p fe − fbe

yii

y



(24)

where KDO,p is the gain of the low pass filter. Finally,
the overall desired control force f is calculated as

Fig. 12. Yaw transformation qΨ [18]

f = fi − fe .
The control law (17) is afterwards modified to include
the filtered quadrotor position and velocity and the feedforward signals


ḃ b − ṗd −Kp p
bb − pd ) +mg . (19)
fi = m(p̈d − Kd p

During flight, the gravitational force fg = mg is acting on
the quadrotor body (Fig. 10). According to the Newton
First law of motion, the velocity of the body to stay
constant, the net force acting upon the body must be
zero. Therefore, for the system model (1) it must hold
that
mp̈ = mge3 + Rib f + fe = 0 .
(20)
This means the quadrotor must produce a thrust force
T = mg in order to overcome the force of gravity and
maintain a fixed position, assuming the ideal disturbancefree case (ie fe = 0 ). However, the quadrotor also experiences other external forces, such as aerodynamic drag and
collisions. All such external influences can be represented
by the external disturbance force fe . The most significant source of disturbance is the quadrotor weight m, for
which the value of 0.033 kg is assumed. Since our quadrotors have different hardware configurations, their actual
measured mass varies between approximately 0.029 kg
and 0.039 kg. This mass difference is consequently perceived as a disturbance force fbe . From the quadrotor dynamics model and assuming the condition (20), the position control disturbance force feb in the body frame can
be expressed as
feb = mab − [ 0

0 T]

⊤

(22)

(25)

To avoid excessive desired roll and pitch angles, the
components fx and fy are limited to ±0.4 N. The fz
component is limited to the range h0 N , 0.6Ni, which is
the maximum thrust producible by the quadrotor [17].
This limits the desired angles to approx. ±43◦ , which
allows highly aggressive flight maneuvers. The desired
thrust T (N) is consequently obtained as T = kf k . The
desired attitude quaternion qdi can be obtained from the
control force f using two transformations qf and qΨ ,
such as the desired attitude qdi = qf ⊗ qΨ . The thrust
transformation qf aligns the zb -axis to the control force
f (Fig. 11). It is obtained by normalizing the quaternion
qf , which is defined in [18] as



qf = 


fz +


1 + f ⊤f

−fy
.

fz
0

√

(26)

The yaw transformation qΨ rotates around the inertial
axis zi by angle Ψ (Fig. 12). It is obtained as [18]

qΨ = cos Ψ
2

0 0

sin Ψ
2



.

(27)

Figures 11 and 12 were used and modified with permission
from [18].
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3.4 Landing and collision detection
The concept of external force estimation can be further
used to add interesting capabilities to the quadrotor. Such
capabilities include the detection of landing, i.e. when the
quadrotor is sitting on the ground or when is supported
by an object from underneath. By high pass filtering the
force estimation, events when the quadrotor impacts into
(or is impacted by) another object while flying can be
detected.
For landing detection, the disturbance force estimation
fbe can be used directly. When the quadrotor is landed
(ie sitting still on the ground), the motors are switched
off and therefore the produced thrust force T is zero,
meaning the only force acting on the quadrotor is the
gravitational force fg = mg . Again, to satisfy the condition from (22), it must hold that the disturbance fe is
equal to fg in magnitude, but has the opposite direction.
This also implies that the disturbance force is pointing
upwards in the inertial frame.
The landing can be consequently detected by comparing the magnitude of the estimated disturbance force fbe
to a defined threshold value and also by checking if the z axis component of fe is greater than zero. For the landing
threshold a value of 0.11 N is used, which was determined
experimentally such that up/down motion during normal
flight is not detected as a landing. If these conditions are
met, a LANDING DETECTED event is triggered in the
flight state machine.
Collision detection works on a similar principle. However, here the already estimated disturbance fb0 can not
be simply used, because its relatively slow low-pass filter
would attenuate the short signal peaks caused by collisions. Therefore, the unfiltered measured disturbance fe
was taken as it was introduced in (23). Then a separate,
fast low-pass filter was applied, followed by a high-pass
filter, which together effectively form a band-pass filter.
The low pass filter is defined as
fc,L
fbc,L = KC,L fe − b



(28)

where KC,L is the filter gain. The high-pass filter is defined in discrete-time as
k+1
fbc,H
= α f( c, H)k + f( c, L)k − f( c, L)k−1



(29)

and α is the high-pass filter parameter defined by
dt
α=
dt + tH

for which the value of 0.015 N was chosen. This threshold
must be low enough in order to detect the relatively weak
collision impulses, yet high enough so that regular oscillations of the quadrotor (caused by eg aerodynamic disturbance) are not detected. If the threshold is exceeded,
at first the direction cd of the incoming collision is calculated
fbc,H
cd =
(31)
kfbc,H k

and a COLLISION DETECTED event is triggered in the
flight state machine, passing cd as a parameter.
4 Results

During the tests, the quadrotors coordinate frame was
kept aligned with the inertial frame IV . This means that
the quadrotors x-axis (roll) angle controls the movement
in the translational y -axis and the quadrotors y -axis
(pitch) angle controls the movement in the translational
x-axis. The events where the plot line suddenly drops to
zero are caused by momentary occlusions of the tracking targets. This happens naturally, especially when the
tracking target is close to the ground, because afterwards
the small tracking markers are at the maximum distance
to the cameras, making it more difficult for the cameras to
detect them. Moreover, given the placement of markers on
the quadrotor frame, the propellers tend to occlude the
markers while not spinning. Parameters of the attitude
controller used during these tests are listed below. Controller gains are 3 × 3 diagonal matrices with the gains
kx , ky , kz on the diagonal, for which the abbreviated
notation K = diag{kx , ky , kz } is used.
Parameters of the attitude controller were chosen as
Kp = diag{64.0 , 64.0 , 64.0}
Kd = diag{5.0 , 5.0 , 10.0}
KDO,a = diag{6.0 , 6.0 , 6.0}
α = 36.0
where Kp and Kd are the proportional and derivative
controller gains, respectively; KDO,a is the attitude disturbance observer gain and α is the quaternion filter gain.
Parameters of the position controller are
Kp = diag{3.0 , 3.0 , 3.5}

(30)

where tH is the filter time constant and dt is the filter update period. Since the filter is updated within the position
controller loop, its update rate is also 100 Hz. These two
filters were tuned manually, such that they attenuate undesired high-frequency noise from the accelerometer and
pass signals which correspond to a collision event. A collision can be detected by simply comparing the magnitude
of the filtered disturbance fbc,H to a defined threshold,

Kd = diag{4.5 , 4.5 , 6.0}
KDO,p = diag{2.5 , 2.5 , 3.0}
m = 0.033 kg
where Kp and Kd are the proportional and derivative
controller gains, respectively; KDO,p is the position disturbance observer gain and m is the nominal quadrotor
mass. The parameters of attitude and position controller
were obtained through experimentation and manual tuning. For the nominal mass m, a fixed value of 0.033 kg
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Fig. 13. Euler attitude, torque and disturbance during the hover
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Fig. 14. Position tracking during the hover flight. RMSE = 0.129 m

F(°)

2.0

x (m)

0

1.0

-40
t(Nm)
-0.03

0.2

0
0.03
30

y (m)

1.0
0.5

Q(°)

0

0

-0.5
z (m)

-30
t(Nm)
-0.03

1.0
0.6

0

0.2
0.03
0

2

4

6

8

10

Time (s)

14

0

2

4

6

8

10

Time (s)

14

Fig. 15. Euler attitude, torque and disturbance during the step
response flight

Fig. 16. Position tracking during the step response flight,
RMSE = 0.263 m

for every quadrotor was assumed. However, each of our
quadrotors has a different mass due to a different combination of flight battery, type of tracking markers (LEDs or
passive) and not all quadrotors have the current measurement module attached to them. The mass of the quadrotor used in these tests is m = 0.034 kg. The position controller disturbance observer is capable to compensate this
discrepancy and as a result the z height is being tracked
with minimal error. A relatively large absolute offset is
present in the x and y axis tracking, which was most
likely caused by imprecise motion capture system calibration during these tests. This means that the motion
capture system frame IV is not perfectly aligned with
the Earths gravity frame IG and the quadrotor therefore receives incorrect orientation information. This introduces a certain attitude tracking error in the gravity
frame, which exerts a force on the quadrotor and introduces an offset in the position tracking. Note however,

that since the position control is calculated in the motion
capture system frame, the disturbance observer can not
detect this force and therefore can not compensate for it.
This problem could be solved by adding an integral term
into the position controller, improving the precision of the
motion capture system calibration process, or by devising
a method to calibrate the motion capture system frame
IV to Earths gravity frame IG .
4.1 Hover flight
During the static hover flight test, the quadrotor is
commanded to track the position pd = [xd yd zd ] of the
takeoff point. First, the takeoff command was issued, and
the state machine increased the zd height to cca 0.6 m.
After the test, the land command was issued and the zd
height was brought down to zd = 0 m by the state machine. Figure 13 shows tracking of the desired Euler angles Φd , Θd along with the desired control torques τΦ,Θ
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Fig. 19. Euler attitude, torque and disturbance during the manual
control flight

Fig. 20. Position tracking during the manual control flight,
RMSE = 0.327 m

bΦ,Θ . Euler angles are
and the measured disturbances d
calculated from the quadrotor pose qbi and the desired
attitude qdi generated by the position controller during
the flight. Figure 14 shows tracking of the desired position pd . From this test it is concluded that the position
controller is able to track the desired x, y position with
a large absolute error up to 0.25 m due to the calibration problems described earlier, with relative error of less
than ±0.1m. The absolute error in the z -axis tracking is
comparatively smaller than in the x and y axes thanks
to the disturbance observer and the relative error stays
within ±0.1 m. Root mean square error (RMSE) of position tracking is 0.129 m.

puts with magnitude of 1 m are issued manually using
the gamepad controller, forming a square trajectory. Figure 15 shows tracking of the desired Euler angles Φd , Θd
along with the desired control torques τΦ,Θ and the meabΦ,Θ . Figure 16 shows tracking of the
sured disturbances d
desired position pd . Figure 17 shows the calculated force
fi and the disturbance fbe , and Figure 18 shows the position tracking in the x– y plane. This test shows that the
position controller is able to quickly reach the desired position, but significant overshoot and oscillation is present
mainly in the y -axis. The position tracking offset mentioned at the beginning of this section is clearly visible in
Fig. 18. Position tacking RMSE = 0.263 m was achieved.
During the step transitions, the quadrotor achieves the
maximum roll and pitch angles of ±30◦ and momentarily
peaking at 40◦ , which is within the angle limits imposed
by the force limits. The attitude controller is able to track
the desired attitude generated by the position controller
relatively precisely and without much overshoot. When

4.2 Step response
During the step response flight test, takeoff is first
commanded, the state machine increases the desired z height to zd = 0.6 m and the quadrotor tracks the initial position pd at takeoff. Consequently, four step in-
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Fig. 23. Position during the landing detection test

Fig. 24. Force and disturbance during the landing detection
test.red vertical line marks the landing event at t = 13.75 s

a very sharp change in orientation is commanded by the
position controller, such as at t = 8 s, attitude tracking is
briefly worsened, because the motors reach saturation and
the system therefore cannot generate the desired torque
calculated by the attitude controller.

that the quadrotor is capable of fast flying, where aggressive changes in orientation are demanded. Compared
to the previous tests, position tracking is improved. This
is caused by the implemented position, velocity and acceleration feedforward control. In the previous tests, this
generally introduces unwanted overshoot and oscillations,
most likely because this controller and filter gains are not
tuned perfectly. In this test however, the quadrotor is
able to track the generated trajectory very precisely and
with only minimal overshoot. Position tracking RMSE is
higher at 0.327 m, due to the phase shift between the
desired position and actual position signals.

4.3 Manual control
The last test, which was performed, is flying under
manual control. Here the quadrotor is commanded to take
off and afterwards the desired position is controlled manually using the gamepad. The desired position setpoint is
moving at maximum velocity of 1.5 m/s. Figure 19 shows
tracking of the desired Euler angles Φd , Θd along with the
desired control torques τΦ,Θ and the measured disturbΦ,Θ . Figure 20 shows tracking of the desired pobances d
sition pd . Figure 21 shows the calculated force fi and the
disturbance b
fe , and Figure 22 shows the position tracking in the x– y plane. This test serves to demonstrate,

4.4 Collision and landing detection
During the landing detection test, the quadrotor was
flown over a roughly 0.5 m high obstacle and commanded
to land. The state machine decreased the desired z height at a certain velocity. As the quadrotor is descend-

14 A. Trizuljak, F. Duchoň, J. Rodina, A. Babinec, M. Dekan, R. Mykhailyshyn: CONTROL OF A SMALL QUADROTOR FOR . . .
x(m)

f (N)
0.2

1.0

Lx

0.8

0
Lz

y(m)

Ly

-0.2

0.8
0.6
0.4

f (N)

0.2
0.01

Hx

Threshold

0

z(m)
1.2

Hx

-0.01

8

0.8

Hy

0.4
9

10

Time (s)

12

8

9

10

11

Time (s)

13

Fig. 25. Separate low-pass (top) and high-pass (bottom) disturbance filters for the collision detection

Fig. 26. Position during the collision detection test

ing (Fig. 23), the first contact occurs at t = 13.75 s
(marked by the red vertical line), afterwards the quadrotor briefly bounces up and finally lands t = 14 s. Figure 24 shows the control force and disturbance during the
test. Despite the physical landing occurred at t = 14 s,
it takes a certain amount of time for the disturbance
estimation fbe,z to reach the landing detection threshold, marked by the black dashed line. Afterwards the
LANDING DETECTED event is triggered in the flight
state machine, which in turn disables the position controller and stops the motors.
During the collision detection test, the quadrotor is let
to hover and track a certain desired position pd . Afterwards it was gently bumped by hand, by which a collision
is simulated as it would happen during normal flight. The
quadrotor is flying with its x-axis aligned with the inertial frames
x-axis. Figure 25 shows
the separate low-pass


L(fe ) and high-pass H(fe ) filters used for the collision detection. The black dashed line marks the collision
detection threshold.
Once it is reached, a COLLISION DETECTED event
is triggered in the flight state machine, passing the collision direction as a parameter. The state machine consequently adds a collision reaction offset to the desired
position. This is clearly visible in Fig. 26. After a defined
timeout (in this case 3 s), the state machine goes back
to the normal flying state, the reaction offset is no longer
applied and the quadrotor returns back to the original
position pd .

with the ability to retrieve data from an on-board sensor. At first the platform for the experiments was selected - the Crazyflie quadcopter. A method to track
the quadcopters in a motion capture system was devised. Overall systems architecture was proposed, described and evaluated. The Euler angle-based attitude
controller was replaced by quaternion-based attitude controller with disturbance observer. Position controller with
external disturbance force observer was developed, and
the disturbance estimate was used to detect in-flight collisions and landing. Performance of the developed system was evaluated for hover flight, step response and
manual control flight. Future work will mainly have
to focus on solving the position control issues. To improve the overall flight performance, more effort could
be put into better tuning of the controller and filter
gains. However, the results allow the usage of a swarm
of nano flying sensor nodes in numerous new applications. Results of this work can be also seen in a video at
https://www.youtube.com/watch?v=LXng1v8lwbk.
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