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State Estimation in the Loop for Accurate Base Pose and 
Velocity Tracking of Dynamic Legged Robots

Introduction
We present a modular state estimation framework which fuses 
proprioceptive and exteroceptive sensing for accurate pose and 
velocity estimation of the robot. The estimate is then tightly 
coupled with the Reactive Controller Framework (RCF) [3] to 
maintain the robot's base upright and on a target location, despite 
the strong disturbances applied by a human operator. Both 
quantitative and qualitative results demonstrate the system 
performance.
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Proprioceptive State Estimation
In our previous work [1], we presented a novel proprioceptive state 
estimation method for dynamic quadruped robots without contact 
sensors. The method is based on an Extended Kalman Filter (EKF) 
driven by an inertial process model. The Leg Odometry (LO) module 
of the filter have been designed to: classify the contact forces in 
order to detect the useful velocity contributions from the legs in 
contact; and estimate the covariance taking into account impact 
forces. We build on the aforementioned framework by integrating 
pose updates from LiDAR device.

Fast and Robust Scan Matcher
The Fast and Robust Scan Matcher (FRSM) [2] is an Inertial-LiDAR 
based localization library introduced in for autonomous quadrotor 
flight in GPS-denied environments. The FRSM algorithm solves the 
registration problem in the 2D domain with a map-based 
probabilistic approach rather than frame-to-frame iterative 
optimization. This guarantees robustness against errors due to 
slightly non-horizontal motion, as proved by the authors. The output 
of the library is used as position and yaw updates of the filter, which 
fuses them together with inertial information and LO. To this end, 
we mounted a Hokuyo URG-04LX horizontally on the robot’s trunk.

Fig. 1    Position of the IMU+LO+FRSM modules (compared with Vicon) of the robot 
trotting back and forth for 10 minutes.

Fig. 2     Push recovery with state estimation in the loop. 

Experimental Results
Fig. 1 shows the position performance on a trotting motion. The 
FRSM is able to eliminate the drift in position, which would make 
the position control on the robot’s base unreliable. Fig. 2 shows the 
robot trotting in place and commanded to keep a zero position 
(green edge beside the treadmill). After a series of disturbances from 
the operator, the robot returns to the zero position with no drift. 
The experiment demonstrates qualitatively the robustness and 
reliability of the estimator.
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