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Multi-rotor UAVs
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A typical control loop of a multi-
rotor UAV
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GPS-denied environments

Vision-based State Estimator:

Optical flow + Ultrasonic sensor
Visual odometry/SLAM
Visual-inertial odometry/SLAM
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Texture-less
Dark scenes
Over-exposure




(#)) Aerodynamic model-aided state
estimator

Special aerodynamic characteristic of multi-rotor UAVs:

The horizontal velocity of the vehicle is observable from
the accelerometer measurements.




Rotor Aerodynamics

The thrust force T’

1) is perpendicular to the rotor plane

2) is proportional to the square of the spinning
speed of the rotor



Rotor Aerodynamics




Rotor Aerodynamics

Forces in translation movement :
 blade flapping
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Rotor Aerodynamics

Induced drag in hovering
* induced drag Effective lift

. NJnduced downwash
» Relative airflow  ~~a




Rotor Aerodynamics

Effective lift
* induced drag

Vehicle motion



Rotor Aerodynamics

When the UAV is in translation flight, it receives
an horizontal force that is a combination of
blade-flapping force and the induced drag,

L

constant Horizontal velocity in body frame

Spinningvspeed of the rotor

Principles of Helicopter Aerodynamics, Section 3.5
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Martin, Philippe, and Erwan Salaln. "The true role of accelerometer feedback in quadrotor
control." Robotics and Automation (ICRA), 2010 IEEE International Conference on. IEEE, 2010.



Multi-rotor Aerodynamics

1) Accelerometer measures the special

force (exclude the gravity) :
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2) Dynamic model from Newton’s Second law:
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Multi-rotor Aerodynamics

Two cues of multi-rotor aerodynamics:
« Body velocities in the rotor plane is observable
 Roll/pitch angle is observable*



Aerodynamic model-aided state
estimator

Integration
Magnetometer

(yroscope Attitude

Dynamic Velocity Accelerometer —

Optical flow




Estimator Design

State definition & propagation:

= [ 0¢ By, By, By v vy V3 hpa py 1" | state vector

rq:'i = & 4 ubfrmﬁ'smc;b + @Ptanbeose -

H = wf,r os¢p — Ll sind - attitude

W :mi;':'i”{'..a‘,"’fﬂ‘:ﬂ‘l—m ‘cosg/ cost _

|"j)gl:_ = r‘l Lj F.l _|_ -al‘:_-}q 9

,{5’,,?.!; = ,dgh + (firj - imu bias

.1 o *11_,- %
¢ ID) !: — Tq_J_,'jQE + {ﬁﬂ

0P = —gsind + pvl — (w;’."g - wgr,ﬂ} i} _

?35 = geosfising + v ,” — (whvd — &bt - velocity

v? = geosbeosg + a, — [w”nﬁ E:t,};)

h = —sinfv® + cosfsi ﬁ.qt’h'.-‘y + cosBleosdu® ]- height

Ifd.-t-x = 6!.!_1_: - o
iy = gy, aerodynamic coefficients



Estimator Design

Measurement Model
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- accelerometer

- optical flow
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Experiment

We test our estimator in real scenes with real
platforms:

GNSS,Magnetometer
\\‘inx_ﬁk__;, ,//////%drmd-xu4
i-Fi
1X — = J
\,.,l_ ‘ "_

~ barometer

~ RGB-D
(alternative)

Our home-made quadcopter Parrot’'s ARDrone 2.0

Onboard computation Off board computation
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Experiment

Manual flight under controlled lighting condition

Light on Light off
O.F 0.355m/s 0.893/ms
D.E. 0.322m/s 0.349m/s

Average estimation error (m/s)

Error(m/s)
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Experiment

Autonomous flight in complete darkness
(Attitude estimation)
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® | | | | | | Pitch 0.172°  2.024°
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Yaw 14.79° 13.70°

Estimation error (°)

Pitch

*Yaw is not observable
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Experiment

Autonomous flight in complete darkness
(Velocity estimation)

*Optical flow is not usable, but the proposed estimator works well



Experiment

Estimated Loop
Distance (m) Error

ARDrone 16.00 413
Proposed 25.81 1.37
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Conclusion

Special aerodynamics of multi-rotor UAVs
renders the body velocity and attitude
observable.

By incorporating this observation, we can
design a fast and easily implemented state
estimator to remedy the shortcoming of vision-
based approach.

The results of real-world experiments show the
effectiveness and robustness of the proposed
approach.






