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Balance Maintenance and Energy-Efficient Path Optimization of
Bicycle-Type Robots using Steering and Velocity Control
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Abstract

This paper proposes an optimal path planning and tracking algorithm for bicycle-type robots that achieve both balance
stabilization and energy-efficient autonomous driving without the use of a reaction wheel. The proposed method consists
of two main stages: optimal path generation and path tracking. In the optimal path generation stage, the roll and lateral
dynamics of the bicycle-type robot are modeled, and Pontryagin’s Minimum Principle (PMP) is applied to derive optimal
control inputs that minimize roll angle deviation, roll rate, and energy consumption simultancously. In the path tracking
stage, a feed-forward controller is employed to compensate for centrifugal moments induced by steering, while a
Proportional-Derivative (PD) controller ensures stable balance control. The proposed algorithm is wvalidated through
MATLAB simulations under various initial value conditions. The results demonstrate that the proposed controller improves
roll stability by approximately 45% and energy efficiency by about 36% compared to a conventional PD controller.
Therefore, the proposed method, an integrated control framework that simultaneously considers balance maintenance and
energy-efficient autonomous driving, has high potential to enhance autonomous performance in complex environments.

Keywords

autonomous bicycle robot, steering and velocity control, simultaneous balance maintenance and energy efficiency, optimal
path planning and tracking, pontryagin’s minimum principle
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Table 1. Simulation parameters of the bicycle-type robot

Symbol Value Unit
m " kg
i 0.12418 ke
b 0.3642 m
L 0.7485 m
Ly 0.2316 m
g 9.81 ms’
a 75 deg
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(b) the corresponding states
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Table 2. Performance comparison between the proposed
controller and PD controller for Case 1

Roll stabilly Trajectory | Heading E.ngrgy

Controller (rad) performance] angle error| efficiency

(m) (rad) (1/rrP)

Propose 0.0452 0.0033 0.01199 50385
PD control | 0.0827 0.00511 | 005353 | 139545
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Table 3. Performance comparison between the proposed
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