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Event-‐Based	  Control	  System	  
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Event-‐Based	  Mul>-‐Agent	  System	  

1	  
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4	  

Goal:	  Guarantee	  Control	  Performance	  	  
under	  Limited	  Resources	  

Resources	  
•  Sensing	  
•  Sensor	  communica>on	  
•  Network	  
•  Actua>on	  
•  (Compu>ng)	  
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Outline	  

•  Introduc>on	  
•  Mo>va>ng	  applica>ons	  
•  Op>mal	  event-‐based	  control	  
•  Distributed	  event-‐based	  control	  
•  Implementa>on	  aspects	  
•  Conclusions	  

Mo>va>ng	  Applica>ons	  

Wireless industrial automation 

Freight transportation 
Autonomous underwater vehicles 
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Automated Road Freight Transportation 

•  Coordinate and optimize goods transportation 
•  Maximize truck platooning to save fuel 

 
 

Goods transportation example 
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Event-‐based	  Control	  of	  Vehicle	  Platoon	  	  

•  Platoon	  coordinator	  op>mize	  velocity	  based	  
on	  road	  grade,	  vehicle	  models,	  and	  traffic	  info	  

•  Dynamic	  program	  solved	  every	  4	  s	  
•  Event-‐based	  replanning	  due	  to	  changing	  

opera>ng	  condi>ons	  

•  Vehicle	  controller	  tracks	  platoon	  velocity	  	  
•  Receding	  horizon	  controller	  with	  dynamic	  

safety	  constraints	  and	  update	  rate	  50	  ms	  	  
•  Event-‐based	  disturbance	  compensa>on	  

Turri et al, 2015 

Outline	  
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•  Mo>va>ng	  applica>ons	  
•  Op>mal	  event-‐based	  control	  
•  Distributed	  event-‐based	  control	  
•  Implementa>on	  aspects	  
•  Conclusions	  
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Op>mal	  Event-‐Genera>on	  and	  Control	  

Stochas>c	  Control	  Formula>on	  

Decision	  makers	  

•  Non-‐classical	  informa>on	  pa`ern	  
•  Hard	  to	  find	  op>mal	  solu>ons	  in	  general	  
•  Special	  cases	  lead	  to	  tractable	  problems	  

Cf.,	  Witsenhausen,	  Hu	  &	  Chu,	  Varaiya	  &	  Walrand	  ,	  Borkar,	  Mi`er	  &	  Ta>konda,	  Rotkowitz	  etc	  
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Example	  

xk+1 = xk + uk + wk, x0 = 2, Ew

2
k = 0.72

u

CE
k = �K

CE
k

�
E[xk|{yk}k0 , {uk}k�1

0 ] + E[wk|{yk}k0 , {uk}k�1
0 ]

�
Certainty equivalent controller

Plant

Event-generator encodes state as

⇠(xk) =

8
><

>:

1, if xk 2 (1,�✓)

2, if xk 2 (�✓, ✓)

3, if xk 2 (✓,1)

Cost for time-horizon N = 1

Op>mal	  performance	  is	  not	  obtained	  by	  a	  certainty	  equivalent	  controller	  
Rabi et al, 2015 

20	  

Condi>on	  for	  Certainty	  Equivalence	  

Corollary:  The  optimal  controller  for  the  system  {P,S(f),C(g)},  with  
respect  to  the  cost  J  is  certainty  equivalent  if  the  scheduling  decisions  

are  not  a  function  of  the  applied  controls.	

Bar-Shalom & Tse, 1974; Ramesh et al., 2011 

?	  

Certainty	  equivalence	  achieved	  at	  the	  cost	  of	  op>mality	  
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Architecture	  with	  Certainty	  Equivalent	  Controller	  	  

Ramesh et al., 2012, 2013 

	  	  

Outline	  
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•  Mo>va>ng	  applica>ons	  
•  Op>mal	  event-‐based	  control	  
•  Distributed	  event-‐based	  control	  
•  Implementa>on	  aspects	  
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Distributed	  Event-‐Based	  Control	  
•  How	  to	  implement	  event-‐based	  

control	  over	  a	  distributed	  system?	  
•  Local	  control	  and	  communica>on,	  

but	  global	  objec>ve	  

Approach:	  Consider	  a	  prototype	  distributed	  control	  problem	  
and	  study	  it	  under	  event-‐based	  communica>on	  and	  control	  

1	  

2	  
3	  

5	  
4	  

Average	  Consensus	  Problem	  

Adjacency matrix A with

aij = 1 if agents i and j adjacent,

otherwise aij = 0

Degree matrix D is the

diagonal matrix with elements equal to

the cardinality of the neighbor sets Ni

L = D �A

Olfati-Saber & Murray, 2004 
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Event-‐Based	  Average	  Consensus	  

Seyboth et al, 2013  

Trigger	  Func>on	  for	  Event-‐Based	  Control	  

Find fi such that

• |xi(t)� xj(t)| ! 0, t ! 1
• no Zeno (no accumulation point in time)

• few inter-agent communications

Seyboth et al, 2013  

Cf., Dimarogonas et al., De Persis et al., Donkers et al., Mazo & Tabuada,  
Wang & Lemmon, Garcia & Antsaklis, Guinaldo et al. 

Extends [Tabuada, 2007] single-agent trigger function to multi-agent systems	  
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Event-‐Based	  Control	  with	  Constant	  Thresholds	  

Seyboth et al, 2013  

Event-‐Based	  Control	  with	  	  
Exponen>ally	  Decreasing	  Thresholds	  

Remarks
• Asymptotic convergence: |xi(t)� xj(t)| ! 0, t ! 1
• �2(L) is the rate of convergence for continuous-time consensus,

so threshold need to decrease slower

Seyboth et al, 2013  
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Event-‐Based	  Control	  with	  	  
Exponen>ally	  Decreasing	  Thresholds	  and	  Offset	  

Seyboth et al, 2013  

Example	  

Seyboth et al, 2013  

Broadcasting 
events 
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Example:	  Threshold	  Tuning	  

Seyboth et al, 2013  

Example:	  Threshold	  Tuning	  

Seyboth et al, 2013  
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Example:	  Threshold	  Tuning	  

Seyboth et al, 2013  

Example:	  Event-‐	  vs	  Time-‐Triggered	  Sampling	  	  

Seyboth et al, 2013  
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Example:	  Event-‐	  vs	  >me-‐triggered	  sampling	  	  

Seyboth et al, 2013  

Example:	  Event-‐	  vs	  >me-‐triggered	  sampling	  	  

Seyboth et al, 2013  
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Event-‐Based	  Forma>on	  Control 	  	  

•  Non-‐holonomic	  mobile	  robots	  under	  feedback	  lineariza3on	  
•  Event-‐based	  communica3on	  based	  on	  threshold	  for	  double-‐integrator	  network	  

Seyboth et al, 2013  

•  How	  to	  es3mate	  λ2(L)	  in	  a	  distributed	  way?	  
–  	  Aragues	  et	  al.,	  2014	  

•  How	  to	  handle	  general	  agent	  dynamics?	  
–  Guinaldo	  et	  al.	  2013	  

•  How	  to	  handle	  network	  delays	  and	  packet	  losses?	  
–  Guinaldo	  et	  al.,	  2014	  

•  Pinning	  (leader-‐follower)	  control	  and	  switching	  networks	  
–  Adaldo	  et	  al.,	  2015	  

•  Event-‐triggered	  pulse	  width	  modula3on	  
– Meng	  et	  al.,	  2015	  

•  Event-‐triggered	  cloud	  access	  
–  Adaldo	  et	  al.,	  2015	  

Extensions	   1	  

2	  
3	  

5	  
4	  
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Event-‐triggered	  Cloud	  Access	  
•  Agent	  dynamics	  with	  unknown	  drij	  disturbance	  

•  Agents	  exchange	  state,	  control,	  disturbance,	  and	  
>ming	  data	  through	  a	  shared	  data	  base	  

•  Schedule	  next	  data	  base	  access	  >me	  based	  on	  
dynamic	  es>mates	  and	  event-‐based	  triggering	  fcn	  

Adaldo	  et	  al.,	  2015	  

Data base access times 

Outline	  

•  Introduc>on	  
•  Mo>va>ng	  applica>ons	  
•  Op>mal	  event-‐based	  control	  
•  Distributed	  event-‐based	  control	  
•  Implementa>on	  aspects	  
•  Conclusions	  
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Event-‐Based	  Wireless	  PI	  Control	  

Event-‐Based	  PI	  Control	  with	  Satura>on	  

Lehmann	  et	  al.,	  2012 
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Event-‐Based	  PI	  Control	  with	  Satura>on	  

Example	  
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Example:	  Without	  Satura>on	  

Event generator invokes a sensor 
transmission whenever output error  
reach a predefined fixed threshold: 

Mo>va>ng	  Example	  
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Mo>va>ng	  Example	  

Mo>va>ng	  Example	  

Need to take saturation and wind-up into account 
when designing event-based control systems 
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Mathema>cal	  Model	  

Stability	  Regions	  

LMI	  condi>on	  to	  es>mate	  	  	  
region	  of	  stability	  

Lehmann	  et	  al.,	  2012 
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Stable	  trajectory	   Unstable	  trajectory	  

Simula>ons	  

Stability	  region	  

An3-‐Windup	  for	  Event-‐Based	  Control	  	  
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An3-‐Windup	  for	  Event-‐Based	  Control	  	  

Cf., anti-windup for conventional control systems [Åström & Hägglund, 1995] 

Stability	  Regions	  with	  An>-‐Windup	  

An>-‐windup	  increases	  
the	  region	  of	  stability	  
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System	  Evolu>on	  with	  An>-‐Windup	  

An>-‐windup	  improves	  
the	  system	  response	  

Event-‐Based	  Communica>on	  for	  An>-‐Windup	  

An>-‐windup	  event	  generated	  
when	  actuator	  saturates	  (ETAW)	  

Improved	  response	  and	  
fewer	  generated	  events	  

	  	  

	  	  



17/06/15	  

29	  

Outline	  

•  Introduc>on	  
•  Mo>va>ng	  applica>ons	  
•  Op>mal	  event-‐based	  control	  
•  Distributed	  event-‐based	  control	  
•  Implementa>on	  aspects	  
•  Conclusions	  

Conclusions	  
•  Event-‐based	  control	  of	  mul>-‐agent	  systems	  
•  Hard	  to	  jointly	  op3mize	  event	  condi>on	  and	  control	  law	  
•  Certain	  architectures	  lead	  to	  strong	  results	  	  
•  Applica3ons	  in	  goods	  transporta>on,	  mobile	  robo>cs,	  
and	  wireless	  automa>on	  

•  Event-‐based	  revisions	  of	  classical	  control	  architectures:	  
event-‐based	  an>-‐windup,	  feedforward,	  cascade	  control	  

h`p://people.kth.se/~kallej	  


