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Gust Disturbance Alleviation with Incremental Nonlinear Dynamic
Inversion

Ewoud J.J. Smeur1 and Guido C.H.E. de Croon2 and Qiping Chu3

Abstract— Micro Aerial Vehicles (MAVs) are limited in their
operation outdoors near obstacles by their ability to withstand
wind gusts. Currently widespread position control methods such
as Proportional Integral Derivative control do not perform well
under the influence of gusts. Incremental Nonlinear Dynamic
Inversion (INDI) is a sensor-based control technique that can
control nonlinear systems subject to disturbances. This method
was developed for the attitude control of MAVs, but in this
paper we generalize this method to the outer loop control
of MAVs under gust loads. Significant improvements over a
traditional Proportional Integral Derivative (PID) controller
are demonstrated in an experiment where the drone flies in
and out of a fan’s wake. The control method does not rely on
frequent position updates, so it is ready to be applied outside
with standard GPS modules.

I. INTRODUCTION

Micro Aerial Vehicles (MAV) have the potential to per-
form many useful tasks, such as search and rescue [1],
package delivery, aerial imaging [2], etc. For applications
where the MAV needs to operate close to obstacles or close
to the ground, accurate position control is of paramount
importance. However, currently widespread position control
methods such as Proportional Integral Derivative control
(PID) [3] do not perform well under the influence of gusts.

Imagine a search and rescue scenario where a drone needs
to fly into a house through an open window to look for
survivors of a disaster. If the conditions are windy outdoors,
the drone will need to provide a certain force to counteract
this wind. The moment the drone flies into the house, the
drag from the wind disappears and the drone will start to
accelerate. With traditional control methods, the drone is
likely to hit something in a confined indoor space.

Outdoor UAV missions can encounter significant gusts due
to atmospheric turbulence [4]. Shen et al. even observed
these wind disturbances indoor [5], and they needed an
augmentation of the controller that could cope with slowly
varying wind disturbances. To cope with fast changing wind
gusts, a solution could be to use onboard wind sensors
to estimate the wind field [6]. However, this increases the
system complexity and cost.
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Fig. 1. The quadcopter in front of the fan during one of the experiments.

Alternatively, the wind velocity could be estimated on-
board through modeling [7], [8]. The downside of this ap-
proach is that it is very dependent on the model. If the model
does not represent reality well enough due to modeling errors
or airframe changes, the gust alleviation performance will
degrade. Gardner et al. focused on creating a framework to
assess the ability of different physical platforms to withstand
gusts [9], but they did not discuss how the controller can take
advantage of this ability.

In other research, the use of the accelerometer for the
control in the vertical axis is discussed [10]. A similar
research has been worked out for the vertical control of a
helicopter using the main collective [11]. In the latter, the
method of Incremental Nonlinear Dynamic Inversion (INDI)
is applied, but only in one axis. It is shown that the controller
is able to track a reference in simulation, but no disturbance
rejection properties are discussed. The approach of using
the accelerometer seems promising, since disturbances are
measured, as is pointed out by Wang et al. [12]. However,
to fully take advantage of this fact, all axes should be taken
into account.

In this paper we introduce a gust resistant controller
through generalization of INDI to the outer loop control.
This controller does not require any information on the
aerodynamic drag of the quadrotor. It is implemented on a
Parrot Bebop quadrotor running the Paparazzi open source
autopilot software [13]. Experiments are performed that show
only five cm position changes while entering and leaving
an industrial fan’s wake. A benchmark PID controller gives
position errors of half a meter for the same test.



II. INCREMENTAL NONLINEAR DYNAMIC INVERSION
APPLIED TO LINEAR ACCELERATIONS

Consider the quadrotor shown in Figure 2. The distance
from the center of gravity to each of the rotors along the body
X axis is given by l and along the Y axis by b. Two reference
frames will be used throughout this paper, the body frame,
with subscript B and the North East Down (NED) frame,
with subscript N . The subscripts will only be used to avoid
confusion, the position ξ and velocity v of the MAV will
always be in the NED frame.

l

Z

X

Y

b

M2

M3

M4

M1

Fig. 2. The Bebop Quadcopter used in the experiments with body axis
definitions.

We start with a description of the system, in this case the
position dynamics. These follow from Newtons second law
of motion:

mξ̈ = mg + F (v) + TN (η, T ) (1)

Where ξ = [x, y, z]T is the position and F is the
aerodynamic force working on the airframe as a function
of the velocity v of the MAV. TN is the thrust vector in the
NED frame as a function of the attitude η = [φ, θ, ψ]T and
the total thrust produced by the four rotors T . Finally, g is
the gravity vector and m is the mass of the drone.

The thrust vector in the NED frame can be obtained
by taking the thrust vector in the body frame, defined as
TB = [0, 0, T ]T , and rotating it using the rotation matrix
MNB(η). Since the thrust vector in the body frame only
has a Z component, only the last column of the rotation
matrix is relevant. The thrust vector in the NED frame is
therefore given by the following:

TN (η, T ) =MNB(η)TB =

 (sφsψ + cφcψsθ)T
(cφsψsθ − cψsφ)T

(cφcθ)T


(2)

where the sine and cosine functions are abbreviated by the
letters s and c respectively.

Now we can apply a first order Taylor expansion to
equation 1, resulting in equation 3.

mξ̈ = mg + F (v0) + TN (η0, T0)
+ ∂
∂vF (v)|v=v0

(v − v0)
+ ∂
∂φTN (η, T )|φ=φ0

(φ− φ0)

+ ∂
∂θTN (η, T )|θ=θ0(θ − θ0)

+ ∂
∂T TN (η, T )|T=T0

(T − T0)

(3)

The first term can be simplified to the acceleration at the
previous timestep: mg + F (v0) + TN (η0, T0) = ξ̈0. This
acceleration can be obtained by rotating the accelerations
measured in the body axes to the NED frame and adding
the gravity vector. Furthermore, we assume that the second
term, the partial derivative of F with respect to v, is small
compared to the other three partial derivatives. This is com-
monly referred to as the principle of time scale separation.
Combining this with Eq. 2 and 3 we end up with:

ξ̈ = ξ̈0 +G(η0, T0/m)(u− u0) (4)

where u = [φ θ T/m]T and

G(η, T/m) = (cφsψ − sφcψsθ)T/m (cφcψcθ)T/m sφsψ + cφcψsθ
(−sφsψsθ − cψcφ)T/m (cφsψcθ)T/m cφsψsθ − cψsφ

−cθsφT/m −sθcφT/m cφcθ


(5)

The measured accelerations, necessary to obtain ξ̈0, are
typically noisy due to vibrations in the airframe introduced
by the spinning propellers. Therefore, the accelerations need
to be filtered. From the literature, we adopted the use of a
second order filter [14], given by:

H(s) =
ω2
n

s2 + 2ζωns+ ω2
n

(6)

This filter also introduces delays in the signal, resulting
in delayed acceleration measurements. In previous research
[15], we showed that by applying this same filter on the
input as well, the input is not incremented further before
the result of the previous increment is known. If we denote
filtered signals with subscript f and invert Eq. 4, we get the
INDI control law for linear accelerations:

uc = uf +G−1(η0, T0/m)(ν ξ̈ − ξ̈f ) (7)

We have replaced ξ̈ with the virtual control ν ξ̈ to indicate
that this is now an input to the equation (the desired
acceleration), and we added the subscript c to u to indicate
that this is the command that will be sent to the inner loop
controller. We also define the increment ũ = uc − uf , so
clearly Eq. 7 is an incremental control law.

III. IMPLEMENTATION

The implementation of the control law given by Eq. 7 is
shown in Figure 3. Note how the increment in specific thrust
command T̃

m is an output of this diagram. This is because
the specific thrust is not a control variable in itself, instead
the rotors are used to provide a certain thrust. Therefore, the
specific thrust will have to go through a second inversion
step, to find the rotor angular rate increments that will result
in the commanded specific force increment. The rotors are
also used by the inner loop INDI controller to control the
angular acceleration of the MAV. In order to find rotor incre-
ments that satisfy both the increment in angular acceleration
as well as the increment in specific thrust, we will expand the
inner loop inversion step to include the relation of specific
force and rotor angular rates. This way, increments for the
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Fig. 3. The outer INDI control structure.

angular rates of the rotors can be found that satisfy both
the desired increment in angular accelerations as well as the
desired increment in specific force.

The inner INDI loop is shown in Figure 4. It was derived in
our previous work [15] using similar methods as used in this
paper for the outer loop controller. For a complete derivation,
including stability analysis, we refer to that paper.

The angular rate of rotor one through four is denoted
by the vector ω and the angular rates of the vehicle by
Ω. Note that this diagram contains two different control
effectiveness matrices, G1 and G2. G1 is a 4x4 matrix
defined as the control effectiveness of the four rotors on
the angular acceleration vector and the acceleration in the
ZB axis. G2 is a 4x4 matrix introduced as an extension
to G1 to account for changes in the angular momentum of
the propellers. Changing the rotational speed of the rotors
changes their angular momentum, which produces a torque
in the yaw axis. G2 therefore has one row of nonzero values,
corresponding to yaw axis.

A. Estimation of the Specific Thrust

Throughout the derivation of the outer loop INDI con-
troller, we made use of the specific thrust T

m , for instance
in the matrix G(η, T/m). One way to obtain the specific
thrust would be to model the thrust/rotational rate curve of
the propellers and measure the mass of the drone. In this
paper, we chose to do something else: we assumed that the
aerodynamic forces in the zB direction are small compared
to the thrust. Then the specific thrust can be approximated
by the specific force measured by the onboard accelerometer
in the zB direction.

Furthermore, since the propellers have a quadratic thrust
curve, their control effectiveness changes depending on their
current rotational rate. In this paper, we assume that the
control effectiveness of the rotors with respect to the specific
force can be approximated by a static one. In future research,
we will investigate the benefits of using the thrust/rotational
rate curve of the propellers in the controller.

B. Position Control

The acceleration of the vehicle is accurately controlled by
the system shown in Figure 3. To control the position of

the MAV, an acceleration reference needs to be passed to
the outer INDI controller that will steer the drone towards
its target position. This can be done by a Proportional
Derivative (PD) controller. The gains of this PD controller
were manually tuned. They depend mainly on two things:
the update rate of the position estimate and the speed of the
inner loop controller, which is only dependent on the actuator
dynamics. This is the case because all other components are
inverted in the inversion step of the inner and outer loop.

C. Filtering

The measured accelerations are filtered to remove noise.
This filtering also introduces a delay. To make sure we only
increment the control signal when we are able to measure
the result of the previous increment, the control signal and
the measurement need to be synchronized by applying the
same filter, and hence the same delay. For the roll and pitch
controls this is straightforward, as is shown in figure 3. The
specific thrust increment is added to the rotor angular rates
after a second inversion step in Figure 4. Therefore, the rotor
angular rates should also be filtered with the same filter.

However, the angular rates of the rotors are also used to
control the angular acceleration of the vehicle. This is done
with the inner INDI control loop shown in Figure 4. Here
the increment of the rotor angular rates is calculated from
the measured angular acceleration, which is obtained from
the gyroscopes. This measurement is also noisy, and needs
to be filtered. Because of this, the angular rates of the rotors
should be filtered with the same filter.

Since both the inner and the outer loop make use of the
same actuators, the rotational rate of the rotors, their filters
need to be the same. For the experiment, we chose a filter
with a ωn = 50 rad/s and ζ = 0.55. Choosing a lower
cutoff frequency will result in less noise, but more delay. This
means that it will take longer for disturbances to be measured
and counteracted. Choosing a higher cutoff frequency will
have the reverse effect, more noise will end up in the control
signals but disturbances are counteracted faster.

D. Linearization

The control of the acceleration is nonlinear in terms of
the inputs, especially roll and pitch, as can be seen from
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Fig. 4. The inner INDI control structure.

Equation 2. In Equation 5 it can even be seen that some of
the control derivatives can change sign, for instance ∂z̈

∂φ for
different values of φ.

What this means in practice is that if the increments in the
input are large, because suddenly a large lateral acceleration
is required, they will result in a different acceleration than
intended. A solution may be to implement a nonlinear
method of finding increments in the input that give the
desired increment in the acceleration. In this paper, we solved
this issue by bounding the acceleration increment such that
the resulting change in inputs can still be approximated
linearly.

IV. EXPERIMENTAL SETUP

The goal of the experiment is to test how well the
controller can handle gust disturbances. The experiment will
be performed indoors, such that there is a controlled environ-
ment in which repeatable experiments can be performed. The
drone will be commanded to fly back and forth between two
waypoints at the same altitude, which are about one meter
apart in the east direction. The source of the disturbance
is a Master DF30P 465 W fan placed in front of one of
the waypoints, blowing towards north. The fan produces a
non-uniform wind with airspeeds ranging from 1.3 m/s in
the center to 4.0 m/s towards the edge of the fan, which
was measured 1 m downstream. When the drone reaches
the waypoint with the fan, it will suddenly experience the
wind. When the drone leaves the waypoint, it will fly out of
the wind again. The drone will spend eight seconds at each
waypoint and repeat this three times.

The performance of the INDI controller will be compared
to a PID controller which is manually tuned to give the
fastest response possible. This PID controller also makes use
of the inner loop INDI controller for attitude control, but it
does not use the outer loop INDI controller. The P, I and D
gains work directly on the position and velocity to produce
a reference roll, pitch and thrust. For the PID controller,
there is a trade-off to be made. By increasing the integral
gain, faster offset compensation can be obtained. This way
the quadrotor can adjust to the disturbance of the fan faster.
However, by increasing the integral gain, the quadrotor will
have more overshoot in reference tracking tasks such as

sudden position changes. This trade-off is non-existent for
the INDI controller.

The MAV used for the experiments is the Bebop quadrotor
from Parrot. Instead of the stock firmware, it is running the
Paparazzi open source autopilot system. The control algo-
rithm, as well as the onboard accelerometer and gyroscope,
were running at 512 Hz. An infrared motion tracking system
called ’Optitrack’ was used to obtain position information.
This system can measure the drone’s position with millimeter
accuracy at a frequency up to 120 Hz. But because we want
the experiment to be realistic for outside scenarios and since
most Global Positioning System (GPS) modules can only
provide position updates at four Hz, the data was only sent
to the drone at a frequency of four Hz.

The Optitrack system can deliver better accuracy than a
GPS module, so it might seem that the experiment is still
not realistic, regardless of the low update rate. However, the
main contribution of this paper is a controller that can cope
with gust disturbances. This is achieved through effective use
of the accelerometer and an incremental control scheme, and
does not depend on the position accuracy.

V. RESULTS

For the outer loop INDI experiment, Figures 5 and 6 show
the acceleration of the MAV in the East and North directions
respectively. The acceleration signal shown is filtered on the
drone with the second order filter given by Eq. 6 with ζ =
0.55 and ωn = 50 rad/s. Figure 5 shows the acceleration
in the direction orthogonal to the disturbance. Here we see
accurate tracking of the acceleration reference. In Figure 6,
we can see the effect of the wind on the acceleration at 35
s and 43 s when the MAV enters and leaves the wake of the
fan.

Figures 7 and 8 show the position of the quadrotor during
the experiment for the outer loop INDI controller. Figure 7
shows that the INDI controller is able to track step responses
with minimal overshoot. From Figure 8 we can see that
entering and leaving the fan’s wake, for instance at 35 s
and 45 s, typically results in a position change of about five
cm. This error is rejected in two seconds after its occurrence.

Note the offset that can be observed in Figure 8. In our
previous work on the inner loop attitude control we did not
see such offsets in the attitude angles. The reason for this is
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that the angular acceleration measurement was bias-free, as
it was derived from the angular rate measurement. For the
linear acceleration, we rely on a direct measurement. Sensor
drift or an error in the attitude estimation can lead to errors
in the estimate of the acceleration. In the complete interval
of [30,80] s in the x axis, the average measured acceleration
was -0.08 m/s2. However, because of estimation errors there
is no real acceleration and a bias in the position is the result.
This problem can be solved by estimating the accelerometer
bias through the derivative of the speed estimate, which will
be considered in future work.

Compare this with the position of the quadrotor during the
experiment for the PID controller in Figures 9 and 10. From
Figure 9 it can be seen that the relatively large integral gain
resulted in some overshoot of the step reference, which did
not happen without the integral gain. However, from Figure
10 it can be observed that even with this large integral gain,
the quadrotor is blown away more than half a meter and it
takes about five seconds for it to get back to the reference.
The moment it flies back to the first waypoint it overshoots
in the other direction, because now it suddenly flies out of
the fan’s wake.

Because the fan was blowing toward the north, the average
position error in the North direction is a measure of the
performance. From Figures 8 and 10 the average error in
x is 6.4 cm for the INDI controller and 19.3 cm for the PID
controller. As was mentioned before, the position error for
the INDI controller is mostly due to the acceleration bias.
Estimation of this bias can result in even better performance.

Finally a top view of the experiment is depicted in figure
11. It shows the track of the quadrotor for the experiments
with the INDI and PID controller for the interval of [30,50]
s and [20,40] s respectively. The figure shows how well
the INDI controller can reject the disturbance of the fan
compared to a traditional PID controller.



20 30 40 50 60 70
−0.5

0

0.5

1

1.5

2
y
[m

]

Time [s]

yref
y

Fig. 9. Position in the East direction for the PID controller.

20 30 40 50 60 70
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

x
[m

]

Time [s]

xref
x

Fig. 10. Position in the North direction for the PID controller with fan
disturbance.

−0.5 0 0.5 1 1.5 2
−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

x
[m

]

y [m]

PID
INDI
Ref

Fan

Fig. 11. Top view of the trajectories of the INDI and PID controller (best
viewed in color).

VI. CONCLUSIONS

We have generalized Incremental Nonlinear Dynamic In-
version (INDI) for the control of linear accelerations of a
quadrotor subject to disturbances. The experiments show that
the performance of the INDI controller is three times better
than that of a traditional Proportional Integral Derivative
(PID) controller in terms of average position error. In the
experiments, the quadrotor received four Hz position updates,
which means that the technique can readily be applied
outdoors with standard GPS modules. This outer loop INDI
controller enables Micro Aerial Vehicles to perform tasks
that require accurate position control under gusty conditions,
such as flying near obstacles and entering a building through
a window.
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