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

Marco Camurri∗, Maurice Fallon†, Victor Barasuol∗, Darwin G. Caldwell∗, and Claudio Semini∗

Abstract— In this work, we present the fusion of propri-
oceptive and exteroceptive sensing to achieve accurate base
pose and velocity tracking of the 85 kg quadruped robot
HyQ. By means of a modular Extended Kalman Filter (EKF)
framework, we fuse (at high frequency) the information from
an Inertial Measurement Unit (IMU) and a probabilistic Leg
Odometry (LO) module to achieve smooth and accurate velocity
estimation. For accurate pose estimation, we incorporate low-
frequency pose updates to the filter through a scan matcher
module. These two states (pose and velocity) are then tightly
coupled with the trunk controller, in order to keep the robot in
place while trotting, despite considerable disturbances induced
by a human operator.

I. INTRODUCTION

Legged robots are expected to outperform wheeled and
tracked systems when they come to navigate in unstructured,
uneven, and rough terrains. However, legged robots are
characterized by higher mechanical complexity and require
more sophisticated control strategies to navigate without
falling, slipping or getting stuck.

The difficulty in the development of autonomous legged
navigation lies in the close relationship between perception
and locomotion. On one hand, the robot has to elaborate a
myriad of signals (coming from itself and the environment)
and combine them into useful information. On the other
hand, it has to use this information to safely navigate in
the environment. Furthermore, these two processes have to
be concurrently executed onboard and in real-time.

In this work, we present a modular state estimation frame-
work 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) [1] to maintain the robot’s base upright
and on a target location, despite the strong disturbances ap-
plied by a human operator. Both quantitative and qualitative
results demonstrate the good performance system on the
dynamic legged robot HyQ [2].

II. PROPRIOCEPTIVE STATE ESTIMATION

In our previous work [3], we presented a novel propriocep-
tive state estimation method for dynamic quadruped robots
without contact sensors. The method is based on an Extended
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Fig. 1. Position of IMU + LO + FRSM modules (fused with Pronto, the
EKF introduced in [5] and used in [3]) against Vicon.

Kalman Filter (EKF) driven by an inertial process model, as
described in [4], [5]. 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 upon the aforementioned framework
by integrating pose updates from LiDAR device, as explained
in the following section.

III. FAST AND ROBUST SCAN MATCHER

The Fast and Robust Scan Matcher (FRSM) is an Inertial-
LiDAR based localization library introduced in [6] for au-
tonomous 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 ro-
bustness against errors due to slightly non-horizontal motion,
as proved by the authors in [6]. 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.

IV. EXPERIMENTAL RESULTS

A. Pose Estimation Performance

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.

B. In-the-Loop Control Performance

Fig. 2 shows some screenshots from the experiment. The
robot is trotting in place and commanded to keep a zero
position (green edge beside the treadmill). After a series



Fig. 2. Push recovery with state estimation in the loop. The robot was
commanded to trot in place and keep its position. After several pushes
from the operator, the robot recovered its position along the green line of
the treadmill. The ability to recover its position in a constrained space using
the state estimation in the loop demonstrates the reliability and robustness
of the filter.

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.
Note that, by the design of the push recovery algorithm [1],
both position and velocity estimates are used at the same
time. This demonstrates how the filter is gracefully fusing
different sensor inputs into a smooth and accurate signal.

V. CONCLUSION

We have presented a modular framework to fuse pro-
prioceptive and exteroceptive sensing in order to achieve
highly accurate pose and velocity estimates of the dynamic
quadruped robot HyQ. The inertial information and the LO
presented in [3] contributes to smooth and accurate velocity
estimation, required for effective disturbance rejection during
dynamic motions. The contribution of the FRSM module
contributes to maintain the base position, as demonstrated
on live experiments on the robot.
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