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Motivation

Networked Multi-Robot Control System

Challenges
• Impact of network effects

– Time varying delays and packet loss
• Limited Network and Computational Resources

Challenges

• Limited Network and Computational Resources
– Efficient utilization of resources (update frequency)
– Limitations in the achievable stability and performance
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P i iPassivity
• Abstraction for describing the input-output behavior of a system in terms of 

intuitive concepts such as power and energy
• Sufficient Condition for Stability
• Passive systems store or dissipate energy, but cannot creating it.
• Wide range of applications• Wide range of applications 

– Linear/Nonlinear, Discrete/Continuous, Distributed systems
• Definition

Physical SystemPhysical System



Wave Variables
•
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Adaptive Sampling
• Limited resources 

– How frequent should one sample?
– How often should a control law be computed and updated?

• Classical Approach
– Fixed sampling interval (well-established)
– Open-loop sampling approach

• Adaptive Sampling

Every 
week

– Occurrence of an event triggers control and communication
– Reduces computation,  transmissions and energy consumption

Grows to 

• Two main Categories
– Events from the Control Layer of the NCS 

• Event-Triggered Control and Self-Triggered Control
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– Network-based QoS Sampling (Rate allocation,  scheduling,  sampling rate 
adaptation)
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Objective
• Trajectory Tracking 

– Efficient use of network resources
– Unreliable network conditions (packet loss and time delays)

• Trajectory tracking is defined as 

• Integration of two control design concepts

Approach

– Passivity
– Adaptive Sampling 

• Tracking control in terms of stabilization of the system in error space
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• Local Controller, ,
• Error function, 

• Desired reference trajectory,  
– Bounded and twice differentiable

• is passive (input output mapping )• is passive (input-output mapping            )



Wave Variables



Variable Passive Sampler and Variable Passive Hold
• Passive Sample-and-Hold Operationp p

VPS VPH



Networked Controller
• Event-based proportional controlp p

St i tl i t i t• Strictly-input passive system,



Sampling Policy
•



Sampling Policy
• Sampling Intervalp g



Results
Theorem 1
• Given that the components of the PBASC architecture satisfy the passivity 

constraints.
• Assuming the handling of network messages is such thatg g g

– No duplicate packet is processed
– Null packets are processed in the case of packet loss and if the buffer is 

empty
• The input-output mapping              is strictly-output passive



Results
Theorem 2
• Consider the proposed PBASC architecture with the composite system,       

and the networked controller,       and based on the previous passivity theorem
– Assuming is zero state observableg

• The equilibrium,         is asymptotically stable.
• Hence 



CASE STUDY
• Trajectory tracking of robotic manipulator over a wireless networkj y g p

– Crustcrawler Smart Arm 
• Four degrees-of-freedom

• Dynamics of the manipulatorDynamics of the manipulator

• Composite system, 



CASE STUDY
• Matlab/Simulink

– Composite System
– Networked Controller

• TrueTime

Parameter Value

TrueTime
– Model of the wireless network

• Evaluation
– Comparison of PBASC approach and fixed sampling interval (FSP)
– Presence of network uncertainties (packet loss and time-varying delay)



Comparison of FSP and PBASC
•

PBASC FSP



Presence of Network Uncertainties
• Time-varying delay

• Packet Loss



Conclusion
• Introduced a passivity based adaptive sampling architectureIntroduced a passivity based adaptive sampling architecture

– Trajectory tracking
• Under appropriate assumptions

Architecture is shown to be strictly output passive– Architecture is shown to be strictly output passive
– Trajectory tracking is achieved

• Approach
D t t ffi i t f t k d d t ti l– Demonstrates an efficient use of networked and computational resources.

– Stability is maintained and performance degrades gracefully in the 
presence of network time varying delay and packet loss. 
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