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Abstract: Mathematical models and parameters with high accuracy are required for the swing-up control of a double inverted pendulum.
This study proposes a mechanical structure of a double inverted pendulum having excellent matching characteristics with a mathematical
model. The implementation of a parameter estimation method based on nonlinear optimization, which is essential for swing-up control, is

also proposed. The proposed structure of a double inverted pendulum

eliminates backlash using the direct drive of a BLDC motor,

minimizes the unmodeled frictional force through bearing cleaning and oiling, minimizes unnecessary load torque using the double
support of a timing pulley shaft and power transmission through a coupling, and constrains the pendulum rotation to one degree-of-
freedom by adopting a dual-bearing joint. In addition, both 3D printing and CNC milling are appropriately used to satisfy the requirements
for each mechanical part. The swing motion of the manufactured double inverted pendulum is measured using the lab-built light-weight
rapid control prototyping 02 (LW-RCPO02). The proposed parameter estimation method based on nonlinear optimization is implemented to
match the response trajectory of the actual double inverted pendulum with that of a Simulink model implemented as an S-function. Finally,

the effectiveness of the proposed double inverted pendulum design and

parameter estimation method is confirmed by showing that the

mathematical model that, based on the parameters estimated using the proposed method, accurately describes the response characteristics

of the double inverted pendulum.
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Fig. 1. The conceptual diagram of a double inverted pendulum.
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Fig. 2. The mechanical structure of the proposed double inverted
pendulum.
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Fig. 15. The inside of the Simulink model of the double inverted
pendulum constructed using the LW-RCP02 library
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19 16. LW-RCP02 Hardware unit¥ BLDC driver2}2] 4.
Fig. 16. The wiring of the LW-RCP02 hardware unit and the
BLDC driver.
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Fig. 18. The dialog box of the double inverted pendulum block.

function cost = dip_cost(param,x@,trajectory)

5 | I1 = param(1); % Inertia for the first pendulum
4| I2 = param(2); % Inertia for the second pendulum
s | ¢l = param(3); % friction coefficient 1

6| €2 = param(4); % friction coefficient 2

o| % I1, 12, cl, c2& Z§3 Simulink modelS rundt?| 2|3H
w | % 4702 2SS base workspacel| B2 SHESICH.

\
» | assignin(’base’,’I1’,I1);
5 | assignin(’base’,’'I2"',12);
1 | assignin(’base’,’cl’,cl);
15 | assignin(’base’,’c2’,c2);
1 | assignin('base’,'x0’',x0);
!

15 | sim(’'DIP_param_test’); % Simulink modelZ rundfA L3t dataZ P=Ch.

x | errorl = thetal - trajectory(:,1); % thetalOf CHSt error A4H
u | error2 = theta2 - trajectory(:,2); % theta20f CH3t error AAH
> | error_square = errorl.”2 + error2.72; % squared sum

s | cost = trapz(time, error_square); % integral At

1% 19. &< dip_cost] Matlab code.
Fig. 19. The Matlab code of the function dip_cost.
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Fig. 20. The actual response and model response for §; when

only feedforward control is applied.

Feedforward control : ¢, [rad]

time[sec]
1% 21. Feedforward control T+ 288 wj9] 9,9 =dl -5
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Fig. 21. The actual response and model response for ¢, when

only feedforward control is applied.
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2 DOF control: ¢, [rad]
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Fig. 22. The actual response and model response for ¢, when

2-DOF control is applied.
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Fig. 23. The actual response and model response for ¢, when
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2-DOF control is applied.

Simulation

Experiment

% 24. 2 =HZIRE] swing-up Alo]oll gk Youtube G4
Fig. 24. The Youtube video for swing-up control of the DIP.
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