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Can humanoid robots achieve stability and 
real-time performance?

Motivation



Fundamental Challenges
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Whole-Body Operational Space Control (WBOSC) with embedded actuator dynamics 
and feedback delays is an unsolved scientific problem

It is crucial to formulate and experiment control frameworks to achieve optimal, 
safe and real-time performance with environmental/human interaction.

Existing impedance control methods lack performance measures.

Actuator dynamics and time delays are commonly ignored but play important 
roles in closed-loop system stability and control performance

Stability/passivity of Whole-Body Operational Space Control require more investigations.



Objective
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To formulate and reason about a distributed Whole-Body Operational 
Space Control framework with feedback delays and series elastic 
actuator dynamics for humanoid robots to achieve complex tasks.



Passivity of time-delayed 
Whole-Body Operational 

Space Control

Stability and performance of 
distributed control system 

with feedback delays

Impedance control and 
performance characterization of 

series elastic actuators 

Roadmap
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Distributed Whole-Body 
Operational Space Control of 
humanoid robots in cluttered 

environments



Physical Observation

6[Zhao, et. al, IEEE Trans. Industrial Electronics 2015]



Distributed Impedance Control Diagram

7[Zhao, et. al, IEEE Trans. Industrial Electronics 2015]



Distributed Control Analogy: Robot and Human Nervous System
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Distributed Robot Control System

Human Nervous System



Stability Sensitivity to Different Time Delays

9[Zhao, et. al, IEEE Trans. Industrial Electronics 2015]

Sensitivity to damping delay > Sensitivity to stiffness delay



Sensitivity Discrepancy Analysis

10[Zhao, et. al, IEEE Trans. Industrial Electronics 2015]

Phase margin sensitivity to time delays

Servo breakdown gain rule



[Zhao, Paine, Sentis, DSCC 14]

UT Actuator Tracking
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How about MIMO systems?
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[Zhao, et. al, IEEE Trans. Industrial Electronics 2015]

Distributed Operational Space Control
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How about actuators with high-order dynamics?
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e.g., series elastic actuator.



SEA Control Diagram

15[Zhao, Paine, Sentis, Humanoids 2014]



Critically-damped Gain Selection Criterion
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A critically-damped gain selection criterion is designed to deterministically solve all the gains.

There exists a trade-off between torque and impedance feedback gains.

A gain scale GS is proposed 

Optimal  
performance



SEA Impedance Analysis with Time Delays and Filtering
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What type of metric can be used to quantify SEA impedance performance?

Z-width?
limited to  

magnitude range!

[Zhao, et. al, Sentis, IEEE Trans. Ind. Electron. 2016, in revision]



Dynamic Balancing on Hume Bipedal Robot

[Kim, Zhao, et, al, and Sentis, IEEE Trans. on Robotics 2016] 18

(Experiment lead by Donghyun)



How about SEA + MIMO system?
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Time-delayed Whole-Body Operational Space 
Control with SEA dynamics



SEA-aware Whole-Body Dynamics

20[Zhao, and Sentis, Humanoids 2016] (ThPos.74)



Time-Delayed Whole-Body Operational Space Control

21[Zhao, and Sentis, Humanoids 2016] (ThPos.74)



LMI-based Passivity Criterion of Time-Delayed WBOSC
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Gain Scaling Factor

Allowable Maximum Delays 
under Different Damping Gain Matrices
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D  = diag(10,100,100)
D  = diag(20,100,100)
D  = diag(30,100,100)



Distributed WBOSC on A Bipedal Robot

[Kim, Zhao, et. al, and Sentis, IEEE Transactions on 
Robotics 2016] 23

Joint-level cascaded 
torque + motor damping 
controller

Force sensing for internal 
force feedback control

First time that the  
distributed WBOSC is  
implemented on a  
point-feet bipedal  
robot with series elastic 
actuators



24

Observed that system stability and tracking performance are more sensitive to 
damping than stiffness feedback delays.

Proposed a critically-damped gain selection criterion to achieve optimal performance

Embedded dampping Higher achievable impedance

Servo Breakdown Gain Rule:  B > 2b

Devised an impedance performance measure: Z-region.

Analyzed effect of time delays and filtering

Analyzed the passivity of time-delayed WBOSC with SEA dynamics via LMI technique

Conclusions

Experimental validations
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Summary of Contributions

Trajectory Tracking under Different Feedback Delays

Tracking performance is more sensitive to 
damping feedback delays

Time-delayed Whole-Body Operational Space Control

Stability and passivity of overall feedback systems

Impedance and torque control

Distributed Operational Space Control

Stability of delayed systems

High impedance control

Behavior reasoning and experimental validations

Robustness to stiffness feedback delays


