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Motivation 
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• Teleoperation gives humans the ability to interact with environments 
that are usually unreachable 

• The Internet is one of the largest mediums for communications 

• The Internet is a cheaper resource to use                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     



Problem Definition 

Reliable teleoperation through the Internet is not yet achieved since: 

• The Internet is a dynamic environment 

• Transmission routes are not fixed 

• Variable delay 

• Other factors (congestion, jitter, disruptions, interruptions, 
uncertainties, packet loss) 
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Methodology 
Delay Estimation:  

𝑥 𝑡=𝑎𝑜𝑥𝑡+𝑎1𝑥𝑡−ℎ   (1st order scalar homogenous DDE) 

𝑠−𝑎𝑜−𝑎1𝑒
−𝑠ℎ = 0  (characteristic equation) 

𝑊 𝑥𝑒𝑊 𝑥 =𝑥     (Lambert W function) 

𝑠−𝑎𝑜𝑒
𝑠ℎ=𝑎1→𝑠=

1

ℎ
 W a1he

−aoh +ao 
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𝑠=−ζ𝜔𝑛±𝑗𝜔𝑛 1−ζ
2     (characteristic roots) 

ζ=
𝑅𝑒(𝑠)

𝑅𝑒𝑠
2
+𝐼𝑚𝑠

2
     (damping ratio) 

𝑀𝑜(%)=100𝑒

(
−ζ𝜋

1−ζ2
)

     (maximum overshoot) 

h = delay 

𝑎𝑜=0 
𝑎1=−𝐾𝑝    (gain) 

 



Methodology (cont.) 
Smith Predictor: 

• Invented by Otto J. M. Smith for systems with pure time delay 
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Adaptive Smith Predictor: 

• Adjusts delay values  

 

 



Methodology (cont.) 
Consensus of Multiple Agents: 

• Individual agents within a network come to an agreement 

• Can be applied to any network  

• Allows for cooperation of multiple agents to perform a task 

• Reduces time to complete tasks 
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𝑥 𝑖=  𝛼𝑖𝑗[𝑥𝑗𝑡−𝜏𝑖𝑗−𝑥𝑖𝑡]

𝑣𝑗∈𝑁𝑖

 



Applications 

• Autonomous flight formation of UAVs 

• Satellite formations 

• Robot Swarms/Flocking 
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https://cecas.clemson.edu/ndcl/research/ http://web.engr.illinois.edu/~chang162/my_research.html https://dragonsdrones.com/2017/02/07/news-ascending-technologies-drone-swarm-at-super-bowl-2017/ 



Simulation 
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Type I: Proportional Controllers 

 
𝑥 1=−𝑥1(𝑡)+𝑥2(𝑡−τ) 

 

𝑥 2=−𝑥2(𝑡)+𝑥1(𝑡−τ) 
 

𝑥 10=0.5     𝑥 2(0)=0 

Type II: Smith Predictor Controllers 

 

𝑥 1=−𝑥1(𝑡)+𝑥2(𝑡) 
 

𝑥 2=−𝑥2(𝑡)+𝑥1(t) 
 

𝑥 10=0.5     𝑥 2(0)=0 
 



Simulation 
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Simulation  
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Experiment 
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Type I: Proportional Controllers 

 
𝑥 1=−𝑥1(𝑡)+𝑥2(𝑡−τ) 

 

𝑥 2=−𝑥2(𝑡)+𝑥1(𝑡−τ) 
 

𝑥 10=0.5     𝑥 2(0)=0 

Type II: Smith Predictor Controllers 

 

𝑥 1=−𝑥1(𝑡)+𝑥2(𝑡) 
 

𝑥 2=−𝑥2(𝑡)+𝑥1(t) 
 

𝑥 10=0.5     𝑥 2(0)=0 
 



Results 
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Results (cont.) 
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Results (cont.) 
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Conclusion 

• Stability in the presence of delay 

• Advantages in selection of Smith Predictor 

• Useful for determining system design 
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Future Work 

• Experiment with greater distances between agents 

• Enhance Adaptive Smith Predictor 

• Teleoperate a UAV through the Internet  
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