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Inspiration

Quadcopter Pole Acrobatics
(ETH - Raffaello D’Andrea Group)

PSet3 : Inertial Pendulum Swing-Up

Can we swing up and stabilize a single/double pendulum on drone?

+

https://docs.google.com/file/d/1Vq3IHsuzISwhWjws665FXB23HuTKSlEx/preview
http://www.youtube.com/watch?v=XxFZ-VStApo&t=18


System Modeling of 2-D quadrotor

Double Pendulum

Mb = 1 kg
lb = 0.2 m

M1 = 1 kg
l1 = 0.2 m

M2 = 1kg
l2 = 0.2m

g = 10 m/s^2

No hysteresis on thrust
Thrust is bidirectional

Body is vertically symmetric 
(Allowed body flipping)

No friction/contact between masses

Single Pendulum

u_max = 20 N 
(1 x total weight)

u_max = 45 N 
(1.5 x total weight)



Single Pendulum Dynamics Analysis



Single Pendulum Dynamics Analysis



Double Pendulum Dynamics Analysis



Double Pendulum Dynamics Analysis



Simulator Construction and Dynamics Verification

Single Pendulum 
Constant Input u1, u2 ( = drone weight)

Double Pendulum
Constant Input u1, u2 ( = drone weight)

Simulator is constructed based on the dynamics on PyDrake environment (same framework as PSET 3,4)
Control frequency = 200Hz, Simulation frequency = 1kHz

https://docs.google.com/file/d/1Z5SQrkdMwRxkJuVwul96h-ENc6yoUQaf/preview
https://docs.google.com/file/d/10xO_2FY_1PjeEqjIWm5MylaU3eIjjL1d/preview


Simulator Construction and Dynamics Verification

Single Pendulum

Dynamics verification with 
Demonstration of failed controller

Double Pendulum

Dynamics verification with 
Demonstration of failed controller

https://docs.google.com/file/d/1hro7JbKXWZS-adGpe5RYVXRxaCs_8ayX/preview
https://docs.google.com/file/d/1BdXz9qEQuclrBEaZlmpPsy1te4fWkEwl/preview


Result Summary :  Single Pendulum

Swing-Up trajectory controller
based on dynamics intuition

Stabilization with LQR

+

https://docs.google.com/file/d/1UQeQbBD8ml322a7hQU7y9WjAIfNCxDxm/preview


Result Summary :  Double Pendulum

Swing-Up trajectory controller
based on dynamics intuition

Stabilization with LQR

+

https://docs.google.com/file/d/18QDK98ykPDZ7Y0RgliCJ1rM62p525FUg/preview


LQR formulation

General Linearization of Dynamics around any (x, u) numerically using MATLAB

Solve Riccati equation on PyDrake



Single Pendulum LQR result 1 - Stabilization

Stabilization with LQR

https://docs.google.com/file/d/16ga1UV6pgy3rZi6h6YZ48Ikreb4Hwaaz/preview


Double Pendulum LQR result 1 - Stabilization

Stabilization with LQR

https://docs.google.com/file/d/1l1nE0Ustjsfc8DZn9VXNHi2udR0QS_is/preview


Single Pendulum (unexpected) LQR result 2

Swing-up with LQR ???

https://docs.google.com/file/d/1gMl7uOjIz7VG0yEIlI-rPZfIt5V0rOf9/preview


Double Pendulum (unexpected) LQR result 2

Swing-up with LQR ???

https://docs.google.com/file/d/18U9jTjZkSo0V1lvSH65pHj9Conqs7Jdp/preview


Intuition from Swing-up via LQR 

@t = 0.3
LQR Controller tries to set 
pendulum vertical toward body

Then, try to stabilize body 
while maintaining pendulum vertical 



Intuition from Swing-up via LQR (double) 

@t = 1.25
LQR Controller tries to set 
pendulum vertical toward body

Then, try to stabilize body 
while maintaining pendulum vertical 



Swing-up Formulation 

Switching from Swing-up → LQR
@ x with minimum J = x’Sx



Result Summary :  Single Pendulum

Swing-Up trajectory controller
based on dynamics intuition

Stabilization with LQR

+

https://docs.google.com/file/d/1UQeQbBD8ml322a7hQU7y9WjAIfNCxDxm/preview


Result Summary :  Double Pendulum

Swing-Up trajectory controller
based on dynamics intuition

Stabilization with LQR

+

https://docs.google.com/file/d/18QDK98ykPDZ7Y0RgliCJ1rM62p525FUg/preview


Other approaches and (our) failure

iLQR, LQR-Trees, …

- Large dimension of state space

- Discontinuity during motion planning (0 = 2𝛑)

- Complicate dynamics

- Numerical issue on non-linear optimization



Questions?

https://docs.google.com/file/d/10xO_2FY_1PjeEqjIWm5MylaU3eIjjL1d/preview
https://docs.google.com/file/d/1UQeQbBD8ml322a7hQU7y9WjAIfNCxDxm/preview



