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Precise Aggressive Maneuvers

for Autonomous Quadrotors The Flying Machine Arena
Quadrocopter Ball Juggling
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Daniel Mellinger, Nathan Michael, Vijay Kumar
GRASP Lab, University of Pennsylvania

D. Mellinger, N. Michael, V. Kumar, “Precise and M Miller, S Lupashin, R D'Andrea, “Quadrotor ball
Aggressive Maneuvers for Autonomous Quadrotors”, juggling”, IROS 2011
[JRR 2012

* Limitations
> Motion capture systems, pilots, and GPS
» Known environment
> Flight time
> Limited Power: Size and Payload constraints

> No environment interaction
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Small Size and Autonomy? :

Autonomy

Lightweight and low power
Perception!
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Mass ~ Kinetic Energy
Small Mass =====) Safety
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Small = Agile
Size




Visual Inertial Odometry

v (t) =al(?)
Orientation Euler angles | Quaternion Axis-angle Rotation Matrix
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Manifold representation

« Measurement by detected landmarks in the

current frame
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Visual Inertial Odometry for Quadrotors
on SE(3)

Giuseppe Loianno, Michael Watterson, and Vijay Kumar
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G. Loianno et al. “Visual Inertial Odometry for Quadrotors on SE(3)”, ICRA 2016



Navigation in Constrained Environment

* Fast and agile autonomous navigation

On-board navigation at 500 Hz
Dynamic feasible trajectories with physical constraints 2509 4 cameras and IMU
Non-linear control with no switches = »& . ' I,

5 m/s speeds, accelerations 1.5 g, 90 degrees
and 800 deg/s

The vehicle flying through a narrow gap

Disaster area

G. Loianno, C. Brunner, G. McGrath, and V. Kumar, “Estimation, Planning and Control for Aggressive
Flight with a Small Quadrotor with Single Camera and IMU”, RA-L 2016 and ICRA 2017,
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Why a Better Model is Needed

« Current IMU models are general purposes, but do not incorporate the
system physical aspects

« IMU “erroneously” used in the prediction

 Under the standard model, the accelerometer measurement tells us
nothing! €3

€1
Mameas = RT(ZFi +mges)
= R"(Tb; — mge; + mgey)
= Te3



Why a Better Model is Needed

« Current IMU models are general purposes and based on kinematics, but
do not incorporate the system physical properties

« IMU erroneously used in the prediction as control input

 Under the standard model, the accelerometer measurement tells us
nothing! €3

€1
Mameas = RT(ZFi +mges)
= R"(Tb; — mge; + mgey)
= Te3



Physical Parameters

* How do we guarantee correct vehicle
performances!?

BYBM

S : BYBP .
BY BT

* How do we quickly adapt to changes in
mr Mass

. e . ’
vehicle configuration? = Moment of Inertia

sreay Center of Mass
Pose Sensor
IMU

BYBP

BYBrI

* How do we certify that the vehicle is ready
to perform autonomous flight?
V. Wuest, V. Kumar, and G. Loianno, “Online Estimation of Geometric and Inertia Parameters for Multirotor Aerial

Vehicles”, IEEE International Conference on Robotics and Automation ICRA 2019
https://qgithub.com/arplaboratory/GeomlnertiaEstimator ¥
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Model "

diag( I)
* The state is represented by _ _ B BM
wrwum(t) < — -
x(t) = M| s = | vl R
X, t awm(?) BYBI
Q(t) by
i i b,

* The system model can be written as -

.1
WE WY = WV wvy = - Rlawn) uFiwor—g €.

awym = 3awm @ Q Q= plt (MMtot — 2 x (ml Q))

* The measurement updates are provided by the IMU and pose sensor

V. Wuest, V. Kumar, and G. Loianno, “Online Estimation of Geometric and Inertia Parameters for Multirotor Aerial
Vehicles”, IEEE International Conference on Robotics and Automation ICRA 2019
https://qgithub.com/arplaboratory/GeomlnertiaEstimator



https://github.com/arplaboratory/GeomInertiaEstimator

Online Estimation of Geometric and Inertia Parameters
for Multirotor Aerial Vehicles

Valentin Woest, Vijay Kumar, and Giuseppe Loianno
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Small Scale Drones

Problem: Can we use the IMU to estimate the
attitude and 3D velocity in a drift-free manner?

Impact: All quadrotors equipped with IMU

® Limited payload, e.g. nano-scale quadrotors

® Vision systems may fail

Challenges

® Low cost IMUs are noisy, with drifting bias

® Velocity and attitude not directly measured

Camera Failure

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed

Quadrotor Flight”, RA-L 2019 and ICRA 2019
NYU | zsenisioe ? 14



NYU

Contributions

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Contributions

Previous:

e Estimation of 2D velocity, roll, and pitch
and drag coefficient with IMU

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Contributions

Previous:

® Estimation of 2D velocity, roll, and pitch
and drag coefficient with IMU

® Extended linear drag model to z direction
mv =F — RDR"v + mg
D = diag(kq kq kaz)

® 3D velocity and tilt

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Contributions

Previous:

® Estimation of 2D velocity, roll, and pitch
and drag coefficient with IMU!

® Extended linear drag model to z direction?
mv =F —RDR"v + mg
D = diag(kq kq kaz)

Current: Using only IMU to estimate:

® 3D velocity and tilt
® Thrust and drag coefficients
® Accelerometer biases

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Dynamic Model

What can the IMU be used to estimate! We employ an UKF to estimate
® Body-frame velocity v,
® Tilt (two degrees of freedom of R) X = (w ZT VT bT kT) !
® k¢, kg, and k,
® Accelerometer bias

k s
vV = —fusseg ~ Y pv— gR.(m)z —w X v+ 1,
m m

P w121 + Wozo
Y = ws 1 2 T My

z=—R,(7m)|w|«R.(7)z

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed

Quadrotor Flight”, RA-L 2019 and ICRA 2019
NYU | zsenisioe



Parameterizing Rotation
Hopf fibration: SO(3) almost globally looks like $%xS*!

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
NYU | seaaiice: Quadrotor Flight”, RA-L 2019 and ICRA 2019
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R=|siny cosv¥ 0] exp(olux])

ENYu|

Yaw-Tilt Convention
R — Rthz’lt (Z)

cosy —siny 0

0 0 1

€3 X Z

u =
les x z

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Yaw-Tilt Convention

We write the orientation as
R = Ry Ryt (z)
th’lt (z) = RZR + RZR
= —[ieg] XRIR + RJR[w] «
= —[ves3]x Ry + Ry[w] .
z=—R,(m)|w]xR,(7)z

Z is independent of !

J. Svacha, K. Mohta, M. Watterson, G. Loianno and V. Kumar, “Inertial Attitude Estimation for Quadrotors”, IROS 2018
J. Svacha, G. Loianno, and V. Kumar, “Inertial Yaw-Independent Velocity and Attitude Estimation for High Speed
Quadrotor Flight”, RA-L 2019 and ICRA 2019
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Yaw Estimation

IMU alone cannot be used to estimate yaw

How can a camera be used to do it in a faster way with the underlying
inertial filter?

Velocity Attitude UKF Vision

q
Process FAST Detection
Model |

KLT Tracking  que
Accelerometer Porev

Update Outlier ‘
Rejection
)

5-Point

Update
- Algorithm
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Measurement Update

The measurement update is provided by the yaw

Y1 = P + 1y

and the acceleration provided by the IMU

k Ug
m m

24



Inertial Yaw-Independent Velocity and Attitude
Estimation for High Speed Quadrotor Flight

James Svacha, Giuseppe Loianno and Vijay Kumar
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Newton-Euler Dynamics
We design a 32 state UKF

-
a::(.sT 08T WBT BT T I7 kT)

Translational part dynamics with drag on each motor hub speed

d
m£(v8) = Z(kfufeg —u; DvP) — m(gR" es + wP x vP)
i=1

Rotational part dynamics

4
d
JE(WB):ZM?—WBXJWB Mi:Mi,force+Mi,ﬂap+Mi,yaW
1=1
Mi,force =17r; X F; Mi,ﬂap — kﬂapuivz’ X b3
Mi,yaw — _Ei(kT(uci — uz) + kmu?)bS

J. Svacha, J. Paulos, G. Loianno, and V. Kumar, “IMU-Based Inertia Estimation for a Quadrotor Using
Newton-Euler Dynamics”, RA-L 2020 and ICRA 2020
NYU | zsenisioe 26



Flapping Moment
Compare terms predicted by model with those measured by sensors
Jw~ M

IMU moment “measurement” My =J

4
Model moment prediction M odelk = g Pig X F;— o X Jw
=1
0.02
_ 0021
; 0.01 - ; 0.01 -
5 000+ 5 0.001
5 5 _0.01
E _0.01- e
8 8 —0.02-
_0.02 T T T T T T T T T T T T T T T T T T
0o 10 20 30 4 50 60 70 80 0O 10 20 30 4 S50 60 70 80
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AM = Mmu,k — M model k

J. Svacha, J. Paulos, G. Loianno, and V. Kumar, “IMU-Based Inertia Estimation for a Quadrotor Using
NYU | emssion: Newton-Euler Dynamics”, RA-L 2020 and ICRA 2020



IMU-Based Inertia Estimation for a Quadrotor
Using Newton-Euler Dynamics

James Svacha, James Paulos, Giuseppe Loianno and Vijay Kumar
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Conclusion

New refined and more accurate models reveals the possibility to estimate
additional and more accurate system properties

Useful for navigation re-initialiazation or alternative to existing VINS
Help tracking control performances

Combine current visual-inertial navigation techniques with
dynamic models

Coupling and co-desigh of perception and action
AR 29
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Thank You

Questions?

Giuseppe Loianno
New York University

loiannog(@nyu.edu
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