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The relevance of studying the features of using Data Fusion technologies in 

combination with Extended Kalman Filter (EKF) in the Industry 5.0 concept is 

determined by the need to ensure high accuracy, reliability, and adaptability of 

collaborative robotic systems that interact with humans and operate in a 

dynamic environment. Industry 5.0 involves the deep integration of artificial 

intelligence, sensor networks, and cognitive control algorithms, enabling the 

creation of robotic complexes with increased autonomy and safety. In conditions 

of multi-source data acquisition from machine vision cameras, inertial 

measurement units, ultrasonic and tactile sensors, there is a need for methods 

capable of effectively combining information, minimizing measurement errors 

and compensating for noise. Data fusion in the context of a collaborative 

manipulation robot is the process of integrating data from heterogeneous 

sensors to obtain a single, more accurate, and informative assessment of the 

system state than is possible using separate information sources. The Extended 
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Kalman Filter (EKF) is an extended version of the classic Kalman filter, adapted 

to work with nonlinear mathematical models characteristic of manipulator 

motion dynamics and sensor data processing. EKF allows predicting the state of 

the system based on a motion model and correcting this prediction with new 

measurements, taking into account the statistical characteristics of process and 

measurement noise. In combination with Data Fusion, EKF provides not only 

data fusion but also optimal filtering, which is particularly important for 

collaborative robots that must operate in real time and respond to changes in 

the environment with minimal delay. The use of this technology in Industry 5.0 

improves the stability and smoothness of manipulator movements, ensures 

more accurate positioning, and better adaptation to unpredictable factors such 

as the movement of objects or people in the work area. Thus, the study of this 

area is of great importance for the development of new generations of robotic 

systems that combine a high level of autonomy with safe and efficient 

performance of production and service tasks. 

Let us present key mathematical models for Data Fusion with EKF, with a 

description of the main parameters. The state model is based on kinematics or 

simplified dynamics of the manipulator and describes the evolution of the state 

vector 𝒙 over time: 
 

𝒙𝑘 = 𝑓𝑑(𝒙𝑘−1, 𝒖𝑘−1) + 𝒘𝑘−1 (1) 
 

Where: 𝒙𝑘  – state vector (joint angles 𝒒, speeds 𝒒̇, end-effector position and 

orientation 𝒑, 𝒒0, sensor displacement 𝒃𝑎, 𝒃𝑤); 𝒖𝑘−1 - control action vector 

(torques or drive commands); 𝒘𝑘−1 - process noise (𝑸- its covariance). 

 

A measurement model defines how sensor data relates to the state: 
 

𝒛𝑘
(𝑖)

= 𝒉(𝑖)(𝒙𝑘) + 𝒗𝑘
(𝑖)

 (2) 
 

Where: 𝒛𝑘
(𝑖)

 - measurement vector from the sensor 𝑖 (camera, IMU, encoders, 

rangefinders); 𝒉(𝑖)(∙) - nonlinear function of state transformation into a 

measurement; 𝒗𝑘
(𝑖)

 - measurement noise (𝑹(𝑖) - its covariance). 

 

Recurrent EKF equations (Prediction & Update): 

- Prediction 
 

𝒙̂𝑘|𝑘−1 = 𝑓𝑑(𝒙̂𝑘−1|𝑘−1, 𝒖𝑘−1) 
(3) 

𝑷𝑘|𝑘−1 = 𝑭𝑘−1𝑷𝑘−1|𝑘−1𝑭𝑘−1
⊺ + 𝑸𝑘−1 
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- Update 
 

𝑲𝑘 = 𝑷𝑘|𝑘−1𝑯𝑘
⊺ (𝑯𝑘𝑷𝑘|𝑘−1𝑯𝑘

⊺ + 𝑹𝑘)
−1

 

(4) 𝒙̂𝑘|𝑘 = 𝒙̂𝑘|𝑘−1 + 𝑲𝑘 (𝒛𝑘 − 𝒉(𝒙̂𝑘|𝑘−1)) 

𝑷𝑘|𝑘 = (𝑰 − 𝑲𝑘𝑯𝑘)𝑷𝑘|𝑘−1 
 

Where: 𝑭𝑘 – Jacobian 𝑓𝑑  by state; 𝑯𝑘  - Jacobian 𝒉 by state; 𝑲𝑘 - Kalman matrix. 

 

The developed data fusion models based on the Extended Kalman Filter 

provide increased accuracy in estimating the state of a collaborative 

manipulation robot through the comprehensive use of information from 

multiple sensors in real time. They allow for effective compensation of 

measurement errors and reduction of noise influence, which is particularly 

important in dynamic and unpredictable production environments. Thanks to 

adaptive data processing, the models ensure stable and reliable control even in 

the presence of incomplete or partially distorted data.. 

Conclusions. The performed study proves that the integration of Data 

Fusion technology with the Extended Kalman Filter algorithm is an effective 

tool for improving the accuracy and reliability of collaborative manipulation 

robots within the Industry 5.0 concept. The proposed approach allows 

combining data from heterogeneous sensors into a single coherent model of 

the system state, providing more complete and reliable information about the 

environment and the current position of the robot. The use of EKF ensures the 

correction of measurement errors and the consideration of nonlinear 

characteristics of the controlled object, which is especially important in 

dynamic production scenarios. The developed mathematical models and 

algorithmic solutions contribute to improving control stability, reducing the 

impact of noise and incomplete data, and enable timely response to changes in 

the working area. The proposed approach can be scaled up for multi-

component robotic systems, ensuring effective coordination of actions 

between individual robots and humans. The results obtained confirm the 

feasibility of further development of Data Fusion and EKF integration methods 

in the direction of creating intelligent control systems for Industry 5.0. 
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