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ABSTRACT

This article presents an adaptive control strategy
to stabilize a micro quadrotor in all three axes
using only an Inertial Measurement Unit (IMU)
for the attitude control and a monocular camera
for canceling position drift. The proposed con-
trol scheme automatically determines the appro-
priate optical flow control gains. This is achieved
by extending the stability-based approach to dis-
tance estimation developed in [1] to allow for the
control of all three axes of a quadrotor. An anal-
ysis is done in simulation to present a proof of
concept of the stabilization method and to deter-
mine the effects of scaling. Furthermore we ver-
ify the effects of varying effective camera frame
rates and investigate how this control approach
generalizes to smaller drone sizes. Actual flight
tests are then performed on a Parrot ARDrone
2.0 and on a Parrot Bebop to show that both
quadrotors achieve stable hover without position
drift using only their IMU and bottom camera.

1 INTRODUCTION

Quadrotors are popular due to their simple structure and
their combined capability of hovering and performing aggres-
sive maneuvers. Being naturally unstable platforms, quadro-
tors require accurate and frequent estimations of their atti-
tude, velocity and position. Attitude is obtained through on-
board inertial measurements, but velocity and position require
extra sensors. The most common outdoor solution is Global
Positioning System (GPS) and the most common indoor so-
lution is the use of a camera based external tracking system.

This has enabled impressive feats like pole [2] and ball
[3] juggling quadrotors, quadrotors performing aggressive
maneuvers [4], flying in swarms [5] and constructing struc-
tures [6]. However, in order to be of use in our daily lives,
quadrotors also need to be able to fly in unknown and uncon-
trolled environments. While Simultaneous Localization And
Mapping (SLAM) algorithms are widely used to solve these
challenges, they are computationally expensive, which highly
limits their applicability to smaller quadrotors. Therefore,
several researchers are focusing on down-scalable solutions.
The authors of [7] used a bottom facing camera combined
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with ultrasonic height sensor to estimate the quadrotor ve-
locity. Various adaptations of the optic flow algorithms have
been made to improve computational efficiency of computing
ventral flow and divergence [8]. To counter long term drift in
optic flow based velocity control, Li et al. [9] proposed a
snapshot-based sensing and control method. To further re-
duce the required amount of sensors, the approaches in [1]
and [10] use a bio-inspired detection of landing height solely
based on optic flow divergence and IMU.

Autonomous quadrotors have become smaller with the re-
cent advances in technology, allowing them to be used in-
doors while being inherently safer to operate around humans.
Continuing to scale quadrotors down, however, is not evi-
dent as smaller mechanisms are more complex to produce,
and parts such as motors cannot be scaled down indefinitely
without losing performance. Furthermore the load carrying
capability and onboard power of smaller quadrotors is lim-
ited, leading to restricted availability of sensors, computa-
tional power and flight time.

From [1] it is clear that controlling a quadrotor using only
a minimal set of sensors, i.e. a monocular camera and an IMU
is possible. This paper presents an extension of the stability-
based approach of distance estimation to the control of all
three axes. Secondly it presents the effects on the algorithm
of downscaling a quadrotor.

Section 2 explains the control solution. In Section 3 we
develop a simulation model and present the simulation re-
sults. Section 4 shows the results obtained in real flight tests.
Finally, Section 5 concludes the paper.

2 STABILIZATION USING OPTICAL FLOW (OF)
Without high levels of intelligence to recognize known

object sizes in scenes, the use of a single camera gives in-
sufficient information to estimate depth directly. Although
time-to-impact can be computed from OF directly, it is not
able to differentiate between a small movement close to the
scene, and a large movement further away from the scene as
shown in Figure 1.

This difference is important for control, as in the latter
case, the vehicle must slow down more. There are multiple
solutions to solving this problem. As the OF is defined as the
ratio between velocity over height, one option would be to
simply measure the height using a second camera, or a range
sensor. This is the most commonly used approach as most
quadrotors have an on-board Ultrasonic Sensor (US) [7] or
an Infrared (IR) range finder [8].
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Figure 1: Optical flow does not provide scale.

Recently, different approaches have been proposed to
scale optic flow without extra sensors. Given a sufficient ac-
celeration, OF can be scaled based on accelerometers [11].
To control a quadrotor in hover, the need for constant acceler-
ation is not ideal. Similarly, [1] showed that the motion of the
quadrotor can be used to estimate the height (appendix B.2),
though this also requires an actively moving quadrotor, which
can be a problem in indoor environments. Alternatively, [1]
also showed that the relationship between the control gain and
the height for which the quadrotor becomes unstable due to
self-induced oscillations can be used to estimate the height.

Following the proof in [1], there is a linear relationship
between the height and the control gain for which the system
becomes unstable. This instability leads to oscillations of the
quadrotor as the phase shifts between control inputs and vi-
sual measurements.

Oscillations can be detected using the Fast Fourier Trans-
form by looking for the specific frequency associated to the
oscillations. However, as computational efficiency is of great
importance, another method is proposed. Oscillations in the
vertical direction can be detected by looking at the covariance
of the divergence, which is the vertical speed divided by the
height, and efference copies, which are the past thrust control
inputs. Alternatively the auto covariance of the divergence
can be used to detect a certain frequency of oscillation in the
divergence itself, based on the auto covariance delay. How-
ever, when the quadrotor would go up and down as a result
of an external disturbance such as a wind gust, an oscillation
would show up in the auto covariance, as opposed to the co-
variance of the divergence and efference copies.

When detecting oscillations in the horizontal plane, the
thrust is replaced by the effective thrust in the respective axis,
or for the sake of simplicity the desired pitch or roll angle.
The divergence is replaced by the ventral flow, which is the
horizontal speed in X or Y axis divided by the height.

The relationship between gain and height can be used to
estimate the current height by increasing the gain until oscil-
lations are detected. With the estimated height, the proper
control gains can be set for that height. This procedure can

be seen in Algorithm 1 for the detection in the vertical axis.

Algorithm 1 Pseudo code for vertical loop PI control in hover

1: while true do
2: if new div from vision module then
3: error = −div
4: if oscillating 6= TRUE then
5: increase gain: Kp+ = a · dt
6: if COV(div,thrust) > threshold then
7: oscillating = TRUE
8: Reduce Kp to stabilize: Kp = αKp

9: end if
10: end if
11: esum+ = error
12: set thrust = Kp · error
13: end if
14: end while

It is worth noting that this method is similar to the “the ul-
timate gain” PID tuning method by Ziegler and Nichols [12].
This empirical PID tuning method sets the PID gains to zero
and increases the P (proportional) gain until the system be-
comes marginally stable, i.e. begins to oscillate. The P gain
for which this happens is called the ultimate gain Ku and the
period of the oscillation is Tu. These two values can be used
to calculate the gains of the PID controller.

In the case of OF based control however, as the proper
gains are height dependent due to the scale invariant mea-
surements from OF, it is not sufficient to perform the Ziegler-
Nichols tuning only once. Instead it is done adaptively while
flying. Furthermore, the I gain is not set to zero during the
period where the P gain is increased as the quadrotor can al-
ready substantially drift away with Ki = 0.

The resulting system not only tunes the OF based control
loop, but at the same time scales the OF measurement.

3 EFFECTS OF SCALING LAWS - SIMULATION
RESULTS

In this section the effects of scaling down a quadrotor will
be investigated using simulation. An analysis of the scaling
laws is used to properly scale down the Equations of Motion
(EoM) used in the simulation. Finally, the effects of varying
the Frames per Second (FPS) will be shown.

3.1 Simulation model

For simplicity and graphical representation, the simula-
tion will be limited to 2 dimensions: the vertical Z dimension
and the horizontal X dimension. The quadrotor is modeled as
a rigid body with uniform mass, while the motors are mod-
eled as discretized thrust forces with added Zero Mean White
Noise (ZMWN). It is assumed that the maximum thrust the
motors can deliver is twice the quadrotors weight. The EoM
are as follows:

2
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ẍ =
F

m
sin(θ)

z̈ =
F

m
cos(θ)− g

θ̈ =
M

I
(1)

To simulate the OF measurement, the horizontal and ver-
tical velocity will be taken divided by the height. This rep-
resents the ventral flow (ẋ/z) and divergence(ż/z). The ve-
locity and height measurements from the state are not known
to the control system. While a typical camera has an update
frequency of 30Hz or 30 FPS, the time spent computing the
ventral flow and divergence might take longer than 1/30 sec,
resulting in a lower effective FPS. Therefore, to prevent unre-
alistic results, the vision signal will have to be discretized by a
Zero Order Hold (ZOH) and delayed by a unit delay to model
this effective FPS. During each simulation, the effective FPS
is fixed, but it will be varied between simulations to study the
effect of computational weight of vision algorithms. ZMWN
is added to the vision signals before the ZOH, representing
the estimation errors made by the vision algorithms.

In Figure 2a the position and the increasing gain in the
horizontal axis can be seen with a similar algorithm to Algo-
rithm 1 applied. Oscillations are detected using the covari-
ance in Figure 2b, resulting in a stabilization of the gain.

0 5 10 15 20
0.8

0.9

1

1.1

1.2

0

2

4

6

8

(a) The position and gain of the quadrotor
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(b) The height of the quadrotor for different scales

Figure 2: Results when not compensating for scaling

3.2 Scaling analysis
The starting point for the simulations will be a quadrotor

based on the ARDrone 2, which is further defined as scale

1. This quadrotor will be scaled uniformly, which implies
that all parts scale and their properties scale uniformly too.
In reality these parts don’t scale uniformly however. Instead,
different types of motors, batteries, cameras, etc will have to
be used, probably leading to differences not reflected in the
simulations. The trend however should be visible.

Volume scales with a factor L3. Mass therefore, assuming
constant density, scales with L3. Moment of inertia scales
with a factor L5, as I =

∫
r2dm with r ∝ L and m ∝ L3.

The thrust that is generated by the motors, also has to
be scaled. According to momentum theory or blade element
theory, a thrust F can be approximated during hover in the
following form:

F = 2ρ ·A · v2 (2)

When scaling F in function of L, the density of air is un-
affected ρ ∝ 1, while the surface of the propeller scales with
A ∝ L2. The rotor tip velocity v, scales differently depend-
ing on the assumption of compressibility of the flow[13].

Before making assumptions regarding rotor tip velocity,
the effect on forces and moments thus far can be noted as

F ∝ L2 · v2

M ∝ F · L ∝ L3 · v2 (3)

In the case of Mach scaling, the flow is assumed to be
compressible and the rotor tip velocity to be constant, v ∝
1, as opposed to Froude scaling where the flow is assumed
incompressible with a constant Froude number. Mach scaling
is used here due to the compressibility of air, leading to:

F ∝ L2

M ∝ L3 (4)

The effect of scaling on linear acceleration, ẍ, z̈ with F =
m ·a and angular acceleration, θ̈ withM = I ·α can be noted
as

ẍ, z̈ ∝ L2

L3
∝ L−1

θ̈ ∝ L3

L5
∝ L−2 (5)

3.3 Scaling compensation
With the result of the previous section, Equation 1 can be

updated in the following way:

ẍ =
F · L2

m · L3
sin(θ) =

1

L
· F
m

sin(θ)

z̈ =
F · L2

m · L3
cos(θ)− g =

1

L
· F
m

cos(θ)− g

θ̈ =
M · L3

I · L5
=

1

L2
· M
I

(6)

3
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It can be seen that smaller quadrotors have significantly
faster dynamics due to the scaling in both linear and espe-
cially angular accelerations. To prevent the scaling effects
from changing the behavior of the quadrotor, the control pa-
rameters can be scaled in such a way that they cancel the scal-
ing effects where possible. Therefore the thrust F and mo-
ment M should be inversely scaled in comparison to Equa-
tion 4. To achieve this, the control parameters Kp,Ki,Kd

should be scaled with L and L2 respectively, looking at the
control equation for the thrust and the moment respectively.

The scaling is summarized in Table 1. Please note that
only the forces and moments will differ depending on the
compensation.

Table 1: Scaling for physical quantities

Parameter Symbol Un- Compensated
Width, Height w, h L1 L1

Volume, Mass V,m L3 L3

Moment of Inertia I L5 L5

Forces F L2 L3

Moments M L3 L5

For the simulations, the quadrotor will start from stable
hover at t = 0s when the simulation will be started. The
control gains will then be increased until oscillations are de-
tected. Once oscillations are detected, the best gain is known
and selected, as will be explained further. The results from
a simulation with scale = 1 form a base result and can be
seen in Figure 3. It can be seen that the quadrotor controls
its position and altitude for 20 seconds and only very slowly
drift centimeters away from its original position.
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Figure 3: The position and height for scale = 1 in simulation

3.3.1 Uncompensated scaling

First, scaling will be applied to the quadrotor without the
compensation in control gains mentioned in Section 3.3.

In Figure 4, the height and position of the quadrotor can
be seen in the uncompensated case. The scale is varied from
1.0 to 0.1 in steps of 0.1 and the corresponding results are
plotted in a color scale ranging from blue to yellow respec-
tively.

Looking at the scales from 0.1 till 0.4 in Figure 4b, it
can be seen that the smaller quadrotors become unstable and
drift away increasingly as the size goes down. Note that the
simulation stops for a scale when the quadrotor touches the
ground. The cooler colors representing scales ranging from
0.5 to 1 show stable behavior.

Similarly, in the horizontal axis shown in Figure 4a, we
can observe that the smaller drones start to oscillate in the X
direction, whereas the larger quadrotors show the same stable
behavior as in Figure 3.
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(a) The position of the quadrotor for different scales
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(b) The height of the quadrotor for different scales

Figure 4: Results when not compensating for scaling

3.3.2 Compensated scaling

When the control forces and moments are scaled with L3 and
L5 respectively (See Table 1), the plots in Figure 5 show a dif-
ferent result. It can be seen in both the horizontal and vertical
axis that all scales are showing stable hover as in Figure 3.

However, in Figure 5, the actuator noise from Section 3
has been scaled too. But in real life, noise tends to increase
with smaller scale instead of decrease. To compensate for
this increased sensor noise at smaller quadrotor scales, the
sensor noise parameter is scaled back with L2. This yields an
important difference, which is shown in Figure 6.

For scale 0.1, the quadrotor goes left and right uncontrol-
lably in the horizontal axis. While the other scales remain
stable, there is nevertheless a difference with Figure 5 as the
plots no longer overlap. Instead, they all follow the same
trend with an increasing amplitude.

Figures 5 and 6 show that the control based on optic flow
and IMU in principle can be scaled down to very small sized
flying vehicles. The necessary condition, however, is that the
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(a) The position of the quadrotor for different scales

(b) The height of the quadrotor for different scales

Figure 5: Results when compensating for both scaling and
noise

(a) The position of the quadrotor for different scales

(b) The height of the quadrotor for different scales

Figure 6: Results when compensating only for scaling, not
for noise

sensor and actuator noise should reduce accordingly. Since in
practice this is not the case, a minimal practical size exists.

As shown explained in detail in [1], the control gain of
optic flow based control depends on the distance the observed
surface. By slowly increasing the gain until oscillation is de-
tected, the optimal gain is found. Figure 7 shows this gain

(a) The vertical gains of the quadrotor for different scales

(b) The vertical trigger points of the quadrotor for different scales

Figure 7: Vertical axis when compensating only for scaling,
not for noise

increase and shows when the quadrotor detects a starting os-
cillation and selects the final gain. The increasing gains of
the vertical axis are depicted in Figure 7a. The algorithm is
triggered at roughly the same time for scales 0.9 through 0.5
between 5.4 to 5.1 seconds, while the gains from 0.4 to 0.1
trigger from 3.7 seconds to 2.4 seconds. Furthermore, scale 1
triggers at 6.3 seconds. Alternatively when plotting the scale
against the trigger time, as Figure 7b shows, one could see a
linear relation, with scales 0.9 to 0.5 breaking this trend.

Looking at the horizontal axis in Figure 8 however, the
triggers are all around the same time, 6.6 seconds, except
for scale 0.1, which trigger at 4.8 seconds. This might again
be explained by the fact that the actuator noise works in the
thrust direction of the quadrotor, which is mainly vertical
while hovering. The fact that all scales find roughly the same
gain is because in the horizontal loop, the desired pitch angle
θ is the actuator, which is in radians and thus not influenced
by scaling.

3.4 Influence of varying effective FPS

The effect of reducing the FPS is analyzed using the
model with scale= 1. The quadrotor is set to hover in simu-
lation at initial position in the horizontal axis of 1 meter and
height 1 meter. Next the adaptive gain algorithm is started in
both axes for different effective FPS. Figure 9 shows the re-
sponse of the quadrotor in function of decreasing FPS. Below
15 FPS, the control of the quadrotor becomes unreliable and
either starts to oscillate in the horizontal direction which also
causes the drift in vertical direction or even becomes unstable
at even lower frame rates.
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