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Abstract— Multirotor autopilots often depend on open-loop
control without the feedback of propeller speeds, although they
are a critical factor in determining motion characteristics. This
paper proposes a system that leverages actual propeller speeds
as direct feedback to the autopilot to improve the state esti-
mation and dynamics of the multirotor. Software-in-the-Loop
(SITL) and Hardware-in-the-Loop (HITL) simulations with
real data, in different scenarios, are conducted to demonstrate
the impact of combining propeller speeds with typical drone
sensors. The results show that the drone becomes more stable
with lower trajectory errors. Further, a noticeable reduction in
the vehicle position median error while following a trajectory
is shown, and a considerable increase in the flying duration
time before crashing in case of a motor fault. These results
highlight the potential of adding propeller speed feedback to
increase the autopilot’s controllability which enhances drone
performance in sensitive applications.

I. INTRODUCTION

Multirotors are a popular category of flying vehicles;
they are the dominant form factor for Unmanned Air Ve-
hicles (UAVs) due to their robustness and simple structure,
which can be implemented using low-cost and lightweight
components. Multirotors have various indoor and outdoor
applications where they can move in challenging or even
impossible locations for humans to reach. These include
search and rescue missions for victims, traffic surveillance,
agriculture monitoring and soil analysis, infrastructure health
and cracks inspection, cinematography, and warehouse work
[1]. Their increased application, especially in urban or
human-populated areas like workplaces, requires increased
safety and stability restrictions.

In a multirotor autopilot, the position and attitude are
typically adjusted through the rotors’ angular speed control
inputs which have a fundamental role in determining the
motion properties. However, the autopilot usually estimates
the vehicle state relative to its surroundings, using onboard
sensors, without direct feedback on the rotors’ behaviour. In
fact, actual propeller rotation speed can be deviated from the
reference speed by different environmental, mechanical and
electrical parameters including wind velocity and direction,
battery voltage, and internal motor resistance and inductance
which makes it more challenging for the autopilot to match
the actual and desired positions of the multicopter.

In this work, using a quadcopter model, direct feedback of
the propellers’ actual speed is used to make the motion more
stable and safer even under adverse conditions. The quad-
copter propellers’ actual speeds are fed back to autopilot state
estimation and control to enhance the quadcopter motion. In

state estimation, the position and orientation are estimated
using the quadcopter dynamic model with the measured
propeller speeds as inputs. An Extended Kalman Filter (EKF)
[2] is then applied to fuse the estimated position and orienta-
tion with the inertial quadcopter sensors’ measurements. The
measured propeller speeds are used to improve the autopilot’s
total torque and thrust control by embedding the propellers’
speed errors to corresponding thrust and/or torque directions
in the autopilot’s controller stack.

The rest of the paper is organized as follows. Section II
presents an overview of the quadcopter dynamics while Sec-
tion III introduces the proposed system. Section IV evaluates
the proposed system. A discussion and directions for future
work are proposed in Section V. Section VI concludes the
paper.

II. QUADROTOR’S DYNAMIC MODEL

Before we describe our system architecture, we present
the fundamental quadrotor dynamics. Usually two frames are
defined for the quadcopter structure model: inertial and body
frames (Figure 1). The inertial frame is defined by the Earth’s
axes, where the negative direction of z-axis is the direction
of gravity. The body frame is defined by the quadcopter body
orientation, where the z-axis is the rotors’ thrust direction.
The quadcopter’s dynamic transition [3] can be represented
by the following equation:

mp̈I = mg +RIBFB + Fa,I (1)

where pI = [x, y, z]T is the position of the quadcopter in the
inertial frame. g = [0, 0, ge]

T is the gravity vector where ge
is the gravitational constant. FB = [0, 0, F ]T is the external
force vector in the body frame. RIB is the rotation matrix
that allows transformation from body to inertial frame to
represent the quadcopter attitude. Fa,I is the aerodynamic
force modeled as first order drag. Thus, the required force
to move a quadcopter of mass m with acceleration p̈I in
the inertial frame, is equal to the gravity force mg added
to the inertial frame total thrust of the rotors RIBFB and
the aerodynamic force Fa,I . The dynamic equation denoting
quadcopter rotation can be described with the external torque
on the vehicle in the body frame:

Iω̇B + ωB × IωB = MB +Ma,B (2)

where ωB = [ωx, ωy, ωz]
T is the angular velocity of the

quadcopter body frame with respect to the inertial frame. I is
the quadcopter inertia. MB = [τx, τy, τz]

T is the total torque
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Fig. 1: Diagram of the quadrotor model illustrating the world
and body frames.

in the body frame. Ma,B is first order drag aerodynamic
moments.

The total thrust F and torques MB = [τx, τy, τz] are
generated by the control model via control input to the four
rotors.

[F, τx, τy, τz] = Hu (3)

where u ∈ R4 represents thrust generated by each spinning
rotor. H ∈ R4×4 is a projection matrix that maps total thrust
and moment forces to thrust generated by each rotor.

III. SYSTEM

In this section, we introduce the proposed system modules.
Propeller feedback pose tracker module tracks the quadcopter
position and orientation using the propellers speeds readings.
State estimation module fuses propellers speeds tracked pose
with the inertial sensors estimation using an EKF to estimate
the quadcopter state. Enhanced quadcopter control module
fuses propeller speeds feedback in the controller to acquire
the desired force and torque of the quadcopter.

A. Propeller Feedback Pose Tracker

The tracker algorithm estimates linear and angular vehicle
acceleration after measuring the speeds of the four propellers
using the dynamic model of the quadcopter. The actual total
thrust and torques are first calculated, which are then used
to obtain the linear and angular acceleration. The vehicle’s
four propellers produce four thrust forces f1..4 that pull it
upward. fi is related to the ith propeller spinning speed as
fi = fmax|ωi|, where |ωi| is the normalized spinning speed
of rotor i and fmax is the maximum force delivered by one
propeller when the motor is running at full speed. The total
thrust applied on the body frame is FB = [0, 0,−

∑4
i=1 fi]

T .
The actual torque applied on quadcopter’s body can be

derived from the four propeller spinning speeds as follows,

MB =

l(−f1 + f2 + f3 − f4)
l(f1 − f2 + f3 − f4)
τ1 + τ2 − τ3 − τ4

 (4)

where τi is the torque of rotor i and is related to the
propeller spinning speed as τi = τmax|ωi| and l is the
distance between the rotor and the center of mass of the
quadcopter. τmax is the maximum torque delivered by one
propeller when the motor is running at full speed.

The estimated thrust FB and torque MB are used to track
the linear and angular acceleration of the quadcopter using
rearranged forms of the Equations 1 and 2. The motion
equations in the discrete integration form can be described
as follows,

pt+1
I = ptI + vtI∆t (5)

vt+1
I = vtI + (g +

1

m
RIB(q)F

t
B +

1

m
F t
a,I)∆t (6)

qt+1 = qt +
1

2
qt ⊗ ωt

B∆t (7)

ωt+1
B = ωt

B + I−1(M t
B +M t

a,B − ωt
B × Iωt

B)∆t (8)

where q is the quaternion that represents the vehicle
attitude. RIB(q) is the rotation matrix that is derived from
q that allows transformation from body to inertial frame.

B. State Estimation Design
The state estimator provides the position and orientation

of the quadcopter using the propellers pose tracker with the
onboard inertial sensors. This is implemented using an EKF
scheme that depends on update step using input signal and
observations. General kinematics equations are usually more
convenient to be used for the update step. These equations
are for any rigid body moving in the inertial frame 3D
space and does not depend on the characteristics of the body.
Thus, we depend on the general rigid body equations updated
with inertial sensors measurements. The tracked position and
orientation from the propellers speed measurements are used
as an observation. Pose information (quaternion, velocity and
position) is captured in the first 10 states of the EKF x =
[q0, q1, q2, q3, Vx, Vy, Vz, Px, Py, Pz]

T , where the quaternion
defines the angular position of the body frame relative to the
navigation frame. Using inertial sensors measurements, the
pose is updated as follows,
q0
q1
q2
q3


t+1

=
[
q0 q1 q2 q3

]
t


∆q0 ∆q1 ∆q2 ∆q3

−∆q1 ∆q0 −∆q3 ∆q2
−∆q2 ∆q3 ∆q0 −∆q1
−∆q3 −∆q2 ∆q1 ∆q0


(9)

vt+1 = vt +RIB(qt)∆v +

00
g

∆t (10)

pt+1 = pt + vt∆t (11)

where ∆q0..4 is the rotation from quaternion at time frame t
to t+1 that is derived from IMU angle shift measurements.
RIB(qt) is the rotation matrix from body to inertial frame
derived from quaternions at time t. ∆V is the change in IMU
velocity measurements.



Fig. 2: Relation between quadocpter different movements
and propellers spinning direction.

C. Enhanced Quadcopter Control

The speed measurements are further used in autopilot
control. Autopilot control is module that aims to adjust
the pose of the UAV to match the setpoint. Usually the
quadcopter autopilot control is a hierarchical mix of P and
PID controllers with mainly two loops [4]. The outer loop is
for position control that takes estimated and desired positions
as inputs. The output is the desired attitude and commanded
thrust that are required to move the vehicle to the desired
position. The internal loop is for controlling the attitude
that takes the estimated and desired attitude as inputs and
outputs the desired torques required for the desired attitude.
Besides the estimated pose feedback, we add a feedback
on the actual propeller speed measurements. The difference
between commanded and actual propellers speeds defines the
propeller speed error is represented as follows,

ωe =


ωx
e

ωy
e

ωz
e

ωF
e

 = M


ωcom1 − ωact1

ωcom2 − ωact2

ωcom3
− ωact3

ωcom4
− ωact4

 (12)

where ωcomi
is the commanded speed of propeller i and

ωacti is the actual speed of propeller i. ωx
e , ωy

e , ωz
e and

ωF
e represent the error between the actual and commanded

speeds that affect the roll, pitch and yaw torques, and thrust,
respectively. M is a mapping matrix that maps the propeller
speed errors to the torques and thrust forces directions
(Figure 2 shows the relation between quadocpter movement
and generated torques and force which can be translated to
M) and is defined as follows,

M =


−1 + 1 + 1 − 1
+1 − 1 + 1 − 1
+1 + 1 − 1 − 1
+1 + 1 + 1 + 1

 (13)

The position controller originally adjusts the total thrust
based on the error between the estimated and desired posi-
tions, while the attitude controller compensates the torque
based on the error between the estimated and desired rota-
tions. Figure 3 shows the quadcopter controls after adding
proportional controller for propeller speeds error feedback
shown in equation 12.
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Fig. 3: Quadcopter enhanced control with a feedback of
actual propeller speeds.

Fig. 4: Holybro S500, the used quadcopter in the HITL setup.

IV. EVALUATION

The proposed system is evaluated using SITL and HITL
simulations in different operating scenarios under normal
flight and rotor failure situations. The SITL simulations
are executed on the Gazebo simulator that supports sensor
and motor simulation. The adopted autopilot code is the
powerful open source PX4 autopilot system1. The HITL
simulations are performed using Holybro S500 quadcopter
(Figure 4) with Pixhawk 4 autopilot running PX4 firmware.
It is equipped with four 2216-980KV brushless motor and
9-inch propellers. A Tachometer is used to measure the
propeller speed.

A. SITL Simulation

To emulate real-world quadcopter environments, Gazebo
wind and magnetic disturbances are added to the simulation
model.

1) Trajectory tracking performance: The autopilot per-
formance is evaluated with the two proposed modules as
per Section III. Figure 6 shows three examples of testing
trajectories at fixed altitude in the simulation that are used
to verify the impact of adding the actual propeller speed
feedback to the autopilot. It can be noticed that there is a
considerable improvement in the quadcopter motion accuracy
while following the predefined trajectories. This can be
further elucidated in Figure 7 showing the CDFs of the
quadcopter position and orientation errors after following

1https://px4.io/



Fig. 5: Fixed quadcopter HITL scenario setup.

the trajectories in Figure 6 successive times. With typical
quadcopter autopilot sensors, the median position error is
0.7m with a standard deviation of 0.9 m. The median
position error decreases to 0.1 m with a standard deviation
of 0.13 m when the propeller speed measurement is added to
the autopilot state estimation and control stack. The median
attitude quaternion distance error using typical quadcopter
sensors is 2 with a standard deviation of 26.4 which is
significantly reduced to 0.85 with a standard deviation of
3 after adding the propeller rotation speed measurements as
the direct propeller speed feedback improves the quadcopter
stability that explained with Figure 8. Figure 8 shows the
impact of the propeller speed fusion on the roll and pitch
angles when the quadcopter follows its trajectory 6b. It
can be noticed that the quadcopter moves with lower tilt
after adding the speeds feedback, which enhances its flying
stability.

2) Rotor failure time tolerance: In this evaluation sce-
nario, the quadcopter survival ability is studied in the pres-
ence of motor fault [5] to show the impact of the propeller
speed feedback fusion, compared to the case where the
quadcopter relies only on its other onboard sensors. The
longer the quadcopter can maintain control of its attitude
under motor fault, the higher the probability it can land
safely or regain normal attitude, which is useful when the
external disturbances to motor is temporary. This is examined
as shown in Figure 9, where in Figure 9a, the quadcopter
follows a trajectory where a 50% fault is forced on two oppo-
site rotors for 6 seconds. This fault is applied at 30 seconds
time instance after the quadcopter starts its mission. Note
that the provided propeller speed measurements feedback

method enables the quadcopter to safely complete its mission
avoiding a possible crash that happens when the quadcopter
just relies on its onboard IMU measurements. This is intuitive
as the quadcopter control has a faster response to the motor
failure when immediate feedback regarding the lack of motor
speed is provided. Figure 9b shows the quadcopter’s body
roll and pitch angles while following the trajectory shown in
Figure 9a. The quadcopter is more stable during the motor
failure time (shaded area in Figure 9b) with the propeller
speed feedback. Figure 9c shows the relationship between
the percentage of applied motor failure and the time to
crash duration. Generally, the time to crash decreases with
increased motor failure percentage. Importantly, for the same
percentage of motor failure, the time to crash is longer
when the propeller speed feedback is added to the autopilot.
It is worth mentioning that when applying a total failure
to all motors, the quadcopter crashes within the same 3.5
seconds time in both cases as keeping balance in this case
is challengy which needs especial model to handle [6].

B. HITL Simulations

We use speed measurements during a flight mission while
the quadcopter is in a fixed position (Figure 5) to validate
the impact of the propeller speed’s direct feedback fusion
with real-world flight data. The flight controller hardware is
installed as per an updated HITL setup, so the tachometer
reads real spinning propellers while the inertial sensors’
readings are acquired from the Gazebo simulator. Figure 10
shows improvement impact of using propeller actual speed
measurements in the state estimation and control of the
autopilot on a mission trajectory. Figure 11 shows trajectories
after a fault is deliberately applied on two opposite rotors af-
ter 15 seconds of taking off. Propeller speed feedback fusion
enables the quadcopter to safely landing after complete its
mission.

V. DISCUSSION AND OUTLOOK

The results demonstrate the potential of using propeller
speed as direct feedback in the multirotor’s autopilot to
enhance motion accuracy and stability. The next step is to
investigate a suitable technique that can monitor propeller
speeds while flying. From the literature, several approaches
have been proposed to monitor industrial motors’ health and
detect their failure by measuring the rotor speed, which
can be categorized as contact and contactless techniques.
Contact techniques such as Tachometers [7] and Tagbeat [8]
can measure the rotational speed by attaching a reflective
tape on the rotating target object. Yet, they can only work
in line-of-sight scenarios and are sensitive to environmental
conditions. On the other hand, contactless techniques such as
acoustic-based [9], laser-based [10], and magnetic-based [11]
systems work without attaching any device to the rotating
target object. However, they are required to be close (e.g.,
a few centimeters) to the rotating target or again be in the
line-of-sight of the target. Recently, the low-cost/power RF-
sensing technology has been used to provide long-distance,
contact-free rotation speed measurements [12], [13].
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Fig. 6: Sample trajectories used to test the impact of adding actual propeller rotation speed to the autopilot. Typical used
inertial sensors in PX4 are labeled as ’Standard’, while ’Standard+Prop’ denotes the case when propellers speeds feedback
is added.
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Fig. 9: The impact of propeller speed feedback fusion on the quadcopter performance with two opposite rotors under failure.

We are using our previously proposed system [13] to
investigate the RF-sensing capabilities in monitoring the pro-
peller speed of the quadcopter in Figure 4. Figure 12 shows
the commanded PWM versus the actual RPM measurements
using the RF and Tachometer sensors. The commanded
PWMs are varied by changing the throttle level of a handheld
radio remote control. The commanded PWM values for

the range of 0 to 100 percent throttle level on the remote
control are from 984 to 2006, which covers RPM range
from 2000 to 16000. The figure demonstrates that RF-sensing
can accurately measure the propeller speeds within a wide
speed range which highlights its ability to achieve accurate
propeller speeds monitoring.
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VI. CONCLUSION

In this paper, we propose a system that leverages actual
propeller speed measurements to enhance quadcopter motion
accuracy. The propeller speeds are used to track the quad-
copter’s position and orientation through its dynamic model.
The measured position and orientation are then fed to the
state estimation module to be fused with the other typical
quadcopter sensors measurements. The speed measurements
are also used as feedback to the autopilot control system
to compensate for the torque and thrust error caused by
propeller speed drift.

SITL and HITL simulations have been conducted to
evaluate the proposed technique in different situations. The
results show that adding the actual propeller speed to the
autopilot state estimation and control considerably improves
quadcopter motion accuracy and stability during motor faults,
which is mandatory for sensitive applications.
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