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Lecture	
  2	
  Outline	
  

•  What’s	
  new	
  with	
  wireless	
  networked	
  control?	
  	
  
•  State-­‐based	
  scheduling	
  for	
  control	
  
•  Exploi;ng	
  wireless	
  protocols	
  for	
  control	
  
•  Event-­‐based	
  control	
  	
  
•  Conclusions	
  

A	
  history	
  of	
  control	
  

Adopted from [Baillieul & Antsaklis, 2007] 

Wireless control 

From dedicated communication links and networks for control systems 
To open and ubiquitous wireless networks for control applications 
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How	
  share	
  common	
  network	
  resources	
  while	
  
maintaining	
  guaranteed	
  closed-­‐loop	
  performance?	
  

	
  

	
  

Sensors Controllers Actuators 

Plant 

Wireless	
  control	
  system	
  

What	
  is	
  the	
  effect	
  on	
  control	
  performance	
  
of	
  a	
  shared	
  wireless	
  network?	
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•  A  real  experiment  with  water  tanks  and  no  MA:	


•  Let’s  compare  results  of  reference  tracking	


7	
  

Packet	
  loss	
  influence	
  on	
  
control	
  performance	
  

8	
  

Par;al	
  improvement	
  using	
  
CSMA/CA	
  medium	
  access	
  

We	
  need	
  to	
  consider	
  the	
  wireless	
  network	
  in	
  the	
  control	
  system	
  design	
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Uncertainty	
  on	
  several	
  communica;on	
  layers	
  

Physical 

Datalink 

Network 

Transport 

Application 

Zuniga & Krishnamachari, SECON, 2004 
40 m 

Packet reception rate 
vs Distance 

4 h 

Mean bit error rate Packet loss rate 

4 h 
Willig et al., IEEE Trans. Ind. Electron., 49, 6, 2002 

Packet reception rate 

Park et al., KTH, 2007 
4 min 

Large variations in 
•  Connectivity 
•  Bit and packet delivery 
•  End-to-end delivery 
  

What’s	
  new	
  with	
  control	
  over	
  wireless	
  networks?	
  	
  
•  Tradi3onal	
  control	
  systems	
  design	
  is	
  based	
  on	
  assump;on	
  
of	
  perfect	
  informa3on	
  being	
  circulated	
  in	
  the	
  system	
  	
  

•  Informa;on	
  flow	
  are	
  dedicated	
  to	
  specific	
  control	
  loop	
  
•  Devices	
  need	
  to	
  be	
  fixed	
  to	
  infrastructure	
  
	
  
Wireless	
  control	
  systems	
  have	
  
-­‐	
  Non-­‐ideal	
  communica3on	
  between	
  system	
  devices;	
  	
  	
  	
  	
  	
  	
  	
  
leads	
  to	
  interference,	
  conges;on,	
  delay,	
  loss,	
  outages	
  etc.	
  

+	
  Informa3on	
  can	
  be	
  shared	
  between	
  components	
  and	
  loops	
  	
  
+	
  Enhanced	
  mobility	
  and	
  flexibility	
  
	
  

Plant 
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Lecture	
  2	
  Outline	
  

•  What’s	
  new	
  with	
  wireless	
  networked	
  control?	
  	
  
•  State-­‐based	
  scheduling	
  for	
  control	
  
•  Exploi;ng	
  wireless	
  protocols	
  for	
  control	
  
•  Event-­‐based	
  control	
  
•  Conclusions	
  

Where	
  taking	
  medium	
  access	
  decisions?	
  

Network	
  manager	
  allocates	
  communica;on	
  slots	
  	
  	
  

Sensor	
  node	
  makes	
  local	
  decisions	
  on	
  when	
  to	
  communicate	
  

Controller	
  requests	
  sensor	
  data	
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Is	
  there	
  a	
  separa;on	
  between	
  	
  
scheduling-­‐es;ma;on-­‐control?	
  

Stochas;c	
  control	
  formula;on	
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Control	
  without	
  scheduling	
  =	
  	
  
Classical	
  LQG	
  control	
  of	
  Kalman	
  

Kalman,	
  1960	
  

u 

P 
y 

C

The	
  controller	
  minimizing	
  	
  

is	
  given	
  by	
  	
  	
  

where	
  

Event-­‐based	
  scheduler	
  

Ramesh et al., 2011 

The	
  separa;on	
  principle	
  does	
  not	
  hold	
  for	
  the	
  op;mal	
  closed-­‐loop	
  system,	
  so	
  
the	
  design	
  of	
  the	
  (event-­‐based)	
  scheduler,	
  es;mator,	
  and	
  controller	
  is	
  coupled	
  

Feldbaum,	
  1965;	
  Åström,	
  1970;	
  Bar-­‐Shalom	
  and	
  Tse,	
  1974	
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17	
  

Condi;ons	
  for	
  Separa;on	
  

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

scheduling  decisions  are  not  a  function  of  the  applied  controls.	


Ramesh et al., 2011 

?	
  

Nice	
  architecture	
  achieved	
  at	
  the	
  cost	
  of	
  op;mality	
  

Event-­‐based	
  control	
  architecture	
  	
  

Ramesh et al., CDC, 2012 
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How	
  to	
  integrate	
  
conten;on	
  resolu;on	
  mechanisms?	
  

• 	
  Hard	
  problem	
  because	
  of	
  correla;on	
  between	
  transmissions	
  (and	
  the	
  plant	
  states)	
  
• 	
  Closed-­‐loop	
  analysis	
  can	
  s;ll	
  be	
  done	
  for	
  classes	
  of	
  event-­‐based	
  schedulers	
  and	
  MAC’s	
  
	
  

Ramesh et al., CDC 2011 

Conten;on	
  resolu;on	
  through	
  CSMA/CA	
  

•  Every	
  transmipng	
  device	
  executes	
  this	
  protocol	
  
•  For	
  analysis,	
  assume	
  carrier	
  sense	
  events	
  are	
  independent	
  [Bianchi,	
  2000]	
  

Varaiya,	
  2011	
  source	
  

random	
  
backoff	
  

sense	
  
channel	
  

transmit	
  

failure	
  

m	
  failures	
   max	
  n	
  trials	
  

packet	
  

CSMA/CA = Carrier Sense Multiple Access with Collision Avoidance 
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Detailed	
  model	
  of	
  CSMA/CA	
  in	
  IEEE	
  802.15.4	
  	
  
•  Markov	
  state	
  (s,c,r)	
  	
  

–  s:	
  backoff	
  stage	
  
–  c:	
  state	
  of	
  backoff	
  counter	
  
–  r:	
  state	
  of	
  retransmission	
  counter	
  

•  Model	
  parameters	
  
–  q0:	
  traffic	
  condi;on	
  (q0=0	
  saturated)	
  
–  m0,	
  m,	
  mb,	
  n:	
  MAC	
  parameters	
  	
  

•  Computed	
  characteris;cs	
  
–  α:	
  busy	
  channel	
  probability	
  during	
  CCA1	
  
–  β:	
  busy	
  channel	
  probability	
  during	
  CCA2	
  
–  Pc:	
  collision	
  probability	
  

	
  

Idle 
state 

Backoff stage 1 CCA 

Tx 

CCA 

Retransmission stage n 

Backoff stage m 

Park,	
  Di	
  Marco,	
  Solda;,	
  Fischione,	
  J,	
  2009	
  

•  Detailed	
  model	
  for	
  numerial	
  evalua;ons	
  
•  Reduced-­‐order	
  models	
  for	
  control	
  design	
  
•  Validated	
  in	
  simula;on	
  and	
  experiment	
  

Cf.,	
  Bianchi,	
  2000;	
  Pollin	
  et	
  al.,	
  2006	
  

Lecture	
  2	
  Outline	
  

•  What’s	
  new	
  with	
  wireless	
  networked	
  control?	
  	
  
•  State-­‐based	
  scheduling	
  for	
  control	
  
•  Exploi;ng	
  wireless	
  protocols	
  for	
  control	
  
•  Event-­‐based	
  control	
  
•  Conclusions	
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SloGed	
  medium	
  access	
  

Periodic superframe of N slots 

Many	
  medium	
  access	
  protocols	
  have	
  sloGed	
  	
  	
  
	
  conten;on-­‐free	
  and	
  conten;on	
  access	
  periods	
  

Time	
  

	
  
	
  
	
  

	
  
	
  
	
  

	
  
	
  

Conten3on-­‐free	
  period	
  for	
  TDMA	
  scheduled	
  communica;on	
  
	
  
	
  
	
  
Conten3on	
  access	
  period	
  for	
  random	
  CSMA	
  communica;on	
  
	
  

	
  
	
  

Hybrid	
  MAC	
  protocols	
  

Periodic superframe of N slots 

TDMA = Time division multiple access, CSMA/CA = Carrier Sense Multiple Access with Collision Avoidance 

Exploit	
  the	
  mix	
  of	
  CFP’s	
  and	
  CAP’s	
  	
  for	
  
networked	
  control	
  	
  

	
  
	
  

	
  
	
  

	
  
	
  
	
  

Araujo et al., 2010, Tiberi et al., 2010 
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25 

IEEE 802.15.4 MAC 

26 

IEEE 802.15.4 MAC 
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IEEE 802.15.4 MAC 

28 

IEEE 802.15.4 MAC 
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29 

IEEE 802.15.4 MAC 

30 

IEEE 802.15.4 MAC 
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31 

IEEE 802.15.4 MAC 

32 

IEEE 802.15.4 MAC 
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33 

IEEE 802.15.4 MAC 

34 

IEEE 802.15.4 MAC 
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Event-based sensor communication 

1.  Fixed scheduling of 
sensing/actuation slots 

2.  Check triggering 
condition at every 
allocated slot 

-  One-step ahead triggering 
condition 

3.  If triggering condition is 
true, transmit 
measurement and 
perform actuation 

35 

Beacon 

CFP 

Slots allocated 

Transmission! 

•  Robust to disturbances 
 
•  Unnecessary bandwidth utilization 
•  Energy spent on checking triggering condition 

Araujo, 2011 

Predictive sensor communication 

1.  Scheduling of sensing/
actuation slots when 
required, at beacon times 

2.  If triggering condition is 
predicted to be true, 
transmit measurement and 
perform control action 

3.  At every transmission, 
predict and schedule the 
next triggering time 

-  Set node to sleep until next 
transmission 

36 

Beacon Transmission! 

Prediction of next triggering time 

•  Efficient bandwidth utilization 
•  Low energy consumption 
 
•  Less robust to disturbances 

CFP 

Araujo, 2011 
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Hybrid sensor communication 

1.  Scheduling of slots as 
predictive scheme 

2.  Sensor node checks 
triggering condition 
continuously (or during 
CAP) 

3.  If triggering condition is 
true, transmit 
measurement and 
perform control action 

37 

Prediction of next triggering time 

•  Efficient bandwidth utilization 
•  Robust to disturbances 

•  Energy spent on checking triggering condition 

Beacon 

CAP CFP 

Predictive transmission 

Disturbance! 

Event transmission 

Araujo, 2011 

Mul;-­‐hop	
  networks	
  
•  Rou;ng	
  decisions	
  
•  Time	
  delays	
  	
  
•  Hidden	
  terminal	
  problem	
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  with	
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•  State-­‐based	
  scheduling	
  for	
  control	
  
•  Exploi;ng	
  wireless	
  protocols	
  for	
  control	
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Event-­‐based	
  control	
  over	
  wireless	
  network	
  
Sensor	
  node	
  makes	
  local	
  decisions	
  on	
  when	
  to	
  communicate	
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Event-­‐based	
  control	
  loop	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

Åström, 2007, Rabi and J., WICON, 2008 

When	
  to	
  transmit?	
  	
  
•  Event	
  detector	
  mechanism	
  on	
  sensor	
  side	
  

– E.g.,	
  threshold	
  crossing	
  

	
  
	
  
How	
  to	
  control?	
  
•  Execute	
  control	
  law	
  at	
  actuator	
  side	
  

– E.g.,	
  piecewise	
  constant	
  controls,	
  impulse	
  control	
  	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

Rabi et al., 2008 
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Example:	
  Fixed	
  threshold	
  with	
  impulse	
  control	
  	
  
•  Event-­‐detector	
  implemented	
  as	
  fixed-­‐

level	
  threshold	
  at	
  sensor	
  
•  Event-­‐based	
  impulse	
  control	
  beGer	
  

than	
  periodic	
  impulse	
  control	
  

Åström & Bernhardsson, IFAC, 1999 

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

yu

Control	
  generators	
  and	
  event	
  detectors	
  

1.	
  Impulse	
  
2.	
  Zero	
  order	
  hold	
  
3.	
  Higher	
  order	
  hold	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

1.	
  Fixed	
  threshold	
  
2.	
  Time-­‐varying	
  
3.	
  Adap;ve	
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Plant	
  model	
  

Plant	
  
	
  
	
  
	
  

Stochastic di↵erential equation, interpreted as

x(s+ ⌧)� x(⌧) =

Z s+⌧

⌧
u(t)dt+

Z s+⌧

⌧
dv(t)

with one ordinary (Lebesgue) integral and one stochastic (Ito) integral.

v is a Wiener process (or Brownian motion)

See	
  Øksendal	
  (2003)	
  for	
  an	
  introduc;on	
  to	
  stochas;c	
  differen;al	
  equa;ons	
  

Wiener	
  process	
  
A	
  Wiener	
  process	
  v(t)	
  fulfills	
  	
  
1.  v(0)=0	
  
2.  v(t)	
  is	
  almost	
  surely	
  con;nuous	
  
3.  v(t)	
  has	
  independent	
  increments	
  

with	
  v(t)-­‐v(s)	
  ~	
  N(0,t-­‐s)	
  for	
  t>s≥0	
  	
  

Remark	
  The	
  variance	
  of	
  a	
  Wiener	
  process	
  is	
  growing	
  like	
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Plant	
  model	
  

Plant	
  
	
  
	
  
	
  

Stochastic di↵erential equation, interpreted as

x(s+ ⌧)� x(⌧) =

Z s+⌧

⌧
u(t)dt+

Z s+⌧

⌧
dv(t)

with one ordinary (Lebesgue) integral and one stochastic (Ito) integral.

When s > 0 is a small, the change of x(⌧) is

normally distributed with mean su(⌧) and variance s.

Plant	
  model	
  and	
  control	
  cost	
  

Plant	
  
	
  
v	
  is	
  a	
  Wiener	
  process:	
  	
  
	
  
	
  
Cost	
  func;on	
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Periodic	
  impulse	
  control	
  

Impulse	
  applied	
  at	
  events	
  
	
  
Periodic	
  reset	
  of	
  state	
  every	
  event.	
  
State	
  grows	
  linearly	
  as	
  
	
  
between	
  sample	
  instances,	
  because	
  	
  
Average	
  variance	
  over	
  sampling	
  period	
  	
  	
  	
  	
  is	
  	
  	
  	
  	
  	
  so	
  the	
  
cost	
  is	
  	
  	
  

	
  

Åström, 2007 

Tradi;onal	
  sampled-­‐data	
  control	
  theory	
  gives	
  that	
  
	
   	
   	
  	
  	
  	
  is	
  minimized	
  for	
  the	
  sampled	
  system	
  

	
  
with	
  	
  
	
  
derived	
  from	
  	
  
	
  
The	
  minimum	
  gives	
  the	
  cost	
  

Periodic	
  ZoH	
  control	
  

Åström, 2007 



7/3/13 

26 

Event-­‐based	
  impulse	
  control	
  	
  
with	
  fixed	
  threshold	
  

Suppose	
  an	
  event	
  is	
  generated	
  whenever	
  
	
  
genera;ng	
  impulse	
  control	
  
	
  
One	
  can	
  show	
  that	
  the	
  average	
  ;me	
  
between	
  two	
  events	
  is	
  
	
  
and	
  that	
  the	
  pdf	
  of	
  	
  	
  	
  	
  is	
  triangular:	
  
	
  
The	
  cost	
  is	
  	
  
	
  
	
  Åström, 2007 

Pdf 	
   	
   	
  	
  	
  	
  	
  	
  is	
  the	
  solu;on	
  to	
  the	
  forward	
  
Kolmogorov	
  forward	
  equa;on	
  (or	
  Fokker–Planck	
  
equa;on)	
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Comparison	
  

Åström, 2007 

Event-­‐based	
  ZoH	
  control	
  	
  
with	
  adap;ve	
  sampling	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

Rabi et al., 2008 
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Op;mal	
  control	
  
with	
  one	
  sampling	
  event	
  

A	
  joint	
  op;mal	
  control	
  and	
  op;mal	
  stopping	
  problem	
  	
  	
  

Rabi et al., 2008 

Envelope	
  	
  defines	
  op;mal	
  level	
  detector	
  Rabi et al., 2008 
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Op;mal	
  level	
  detector	
  
Plant 

Controller 

Sensor Actuator 

Wireless	
  network	
  

Level 
Detector 

Dynamic	
  level	
  detector	
  

Rabi et al., 2008 

Mul;ple	
  samples	
  	
  
Extension	
  to	
  N>1	
  samples	
  
	
  
	
  
through	
  nested	
  single	
  sample	
  

problems	
  
	
  
Extension	
  to	
  variable	
  budget	
  

sampling,	
  allowing	
  number	
  of	
  
samples	
  to	
  depend	
  on	
  x.	
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Event-­‐based	
  impulse	
  control	
  over	
  	
  
wireless	
  network	
  with	
  communica;on	
  losses	
  
Plant	
  
	
  
Sampling	
  events	
  
	
  
Impulse	
  control	
  
	
  
Average	
  sampling	
  rate	
  	
  
	
  
Average	
  cost	
  
	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

Sampling	
  events	
  
	
  
Slot	
  length	
  L	
  gives	
  
	
  
Average sampling rate  
	
  
Average	
  cost	
  
	
  

Periodic	
  impulse	
  control	
  

Periodic superframe of N slots 
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Ordered	
  set	
  of	
  levels	
  	
  
Mul;ple	
  levels	
  needed	
  because	
  we	
  allow	
  packet	
  loss	
  	
  
	
  
Lebesgue	
  sampling	
  	
  
	
  
	
  
	
  
	
  

Level-­‐triggered	
  event-­‐based	
  control	
  

For	
  Brownian	
  mo;on,	
  equidistant	
  sampling	
  is	
  op;mal	
  	
  
	
  
First	
  exit	
  ;me	
  	
  
	
  
	
  
Average sampling rate  
 
Average cost 
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Level-­‐triggered	
  control	
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  gives	
  equal	
  average	
  sampling	
  rate	
  for	
  periodic	
  control	
  and	
  
event-­‐based	
  control	
  	
  

Event-­‐based	
  impulse	
  control	
  is	
  3	
  ;mes	
  beGer	
  than	
  periodic	
  
impulse	
  control	
  

 
 
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Comparison	
  between	
  periodic	
  and	
  event-­‐based	
  control	
  

What	
  	
  about	
  the	
  influence	
  of	
  communica;on	
  losses?	
  
When	
  is	
  event-­‐based	
  sampling	
  beGer	
  and	
  vice	
  versa?	
  	
  

Influence	
  of	
  communica;on	
  losses	
  
Times	
  when	
  packets	
  are	
  successfully	
  received	
  
	
  
	
  
Average	
  rate	
  of	
  packet	
  recep;on	
  
	
  
	
  
Define	
  the	
  ;mes	
  between	
  successful	
  packet	
  recep;ons	
  	
  
	
  
Average	
  cost	
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Periodic	
  control	
  under	
  packet	
  losses	
  

Sampling	
  with	
  fixed	
  period	
  T	
  with	
  loss	
  probability	
  p	
  gives	
  cost	
  
	
  
	
  
Compared	
  with	
  event-­‐based	
  control	
  by	
  sepng	
  	
  
	
  

so	
  that	
  the	
  average	
  use	
  of	
  the	
  communica;on	
  channel	
  is	
  equal	
  	
  
	
  
	
  

J =
T (1 + p)

2(1� p)

T = �2

Even-­‐based	
  control	
  under	
  packet	
  losses	
  

Proposi3on	
  
If	
  packet	
  losses	
  are	
  IID	
  with	
  prob	
  p,	
  then	
  	
  	
  
equidistant	
  event-­‐based	
  (Lebesque)	
  sampling	
  gives	
  
	
  
	
  
Remark	
  
•  Event-­‐based	
  control	
  with	
  losses	
  always	
  beGer	
  than	
  periodic	
  with	
  losses.	
  	
  
•  Event-­‐based	
  control	
  with	
  losses	
  outperformed	
  by	
  periodic	
  control	
  without	
  

losses	
  if	
  
	
  
	
  
	
  	
  	
  	
  	
  	
  so	
  if 	
   	
  	
  	
  	
  then	
  periodic	
  sampling	
  do	
  beGer	
  than	
  event-­‐based	
  sampling.	
  	
  
	
  	
  
	
  
	
  

	
  
	
  
	
  

Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector 

Rabi and J., 2009 
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If	
  controller	
  perfectly	
  acknowledges	
  packets	
  to	
  sensor,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
event	
  detector	
  can	
  adjust	
  its	
  sampling	
  strategy	
  

Let	
  
where	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  number	
  of	
  samples	
  lost	
  since	
  last	
  successfully	
  
transmiGed	
  packet	
  

Gives 	
   	
   	
  independent	
  of	
  	
  	
  
BeGer	
  performance	
  than	
  fixed	
  	
  	
  	
  	
  	
  	
  	
  for	
  same	
  sampling	
  rate:	
  
	
  
	
  

Sensor	
  data	
  ACK’s	
  
Plant 

Control 
Generator 

Sensor Actuator 

Wireless	
  network	
  

Event 
Detector ACK 

Lecture	
  2	
  Outline	
  

•  What’s	
  new	
  with	
  wireless	
  networked	
  control?	
  	
  
•  State-­‐based	
  scheduling	
  for	
  control	
  
•  Exploi;ng	
  wireless	
  protocols	
  for	
  control	
  
•  Event-­‐based	
  control	
  
•  Conclusions	
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Conclusions	
  
•  Wireless	
  control	
  and	
  networking	
  are	
  enabling	
  technologies	
  
in	
  many	
  emerging	
  industrial	
  applica;ons	
  

•  Fundamental	
  challenges	
  related	
  to	
  	
  
–  3me-­‐driven,	
  synchronous,	
  sampled	
  data	
  control	
  theory,	
  vs	
  
–  event-­‐driven,	
  asynchronous,	
  ad	
  hoc	
  wireless	
  networking	
  

•  New	
  principles	
  for	
  control	
  in	
  large-­‐scale	
  wireless	
  systems	
  

	
  	
  

Lecture	
  1:	
  Mo;va;ng	
  applica;ons	
  and	
  challenges	
  
– Networked	
  control	
  systems	
  have	
  societal	
  importance	
  
– Many	
  new	
  applica;ons	
  with	
  challenging	
  problems	
  

Lecture	
  2:	
  Wireless	
  control	
  systems	
  
– Everything	
  will	
  be	
  wireless,	
  including	
  control	
  systems	
  
–  Interes;ng	
  research	
  challenges	
  on	
  the	
  intersec;on	
  
between	
  sensor	
  networks,	
  wireless	
  communica;on,	
  
and	
  control	
  theory	
  

Take-­‐home	
  message	
  

hGp://www.ee.kth.se/~kallej	
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Lecture	
  1:	
  Mo;va;ng	
  applica;ons	
  and	
  challenges	
  

	
  
	
  
Lecture	
  2:	
  Wireless	
  control	
  systems	
  

Outline	
  

	
  	
  

Lecture	
  1:	
  Mo;va;ng	
  applica;ons	
  and	
  challenges	
  
– Networked	
  control	
  systems	
  have	
  societal	
  importance	
  
– Many	
  new	
  applica;ons	
  with	
  challenging	
  problems	
  

Lecture	
  2:	
  Wireless	
  control	
  systems	
  
– Everything	
  will	
  be	
  wireless,	
  including	
  control	
  systems	
  
–  Interes;ng	
  research	
  challenges	
  on	
  the	
  intersec;on	
  
between	
  sensor	
  networks,	
  wireless	
  communica;on,	
  
and	
  control	
  theory	
  

Take-­‐home	
  message	
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Lecture	
  1:	
  Mo;va;ng	
  applica;ons	
  and	
  challenges	
  

	
  
	
  
Lecture	
  2:	
  Wireless	
  control	
  systems	
  

Outline	
  

US Energy Information Administration  

Energy	
  consump;on	
  

More	
  and	
  beGer	
  networked	
  control	
  reduces	
  energy	
  consump;on	
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Why	
  now?	
  

Time	
  

EUR	
  

Computa3on	
  

Communica3on	
  

Sensing	
  

Tech	
  Push	
  

Network	
  evolu;on	
  

Info	
  Web	
   Sensor	
  Web	
   Control	
  Web	
  

• 	
  Internet	
  
• 	
  WWW	
  
• 	
  Ubiquitous	
  compu;ng	
  

• 	
  Remote	
  sensing	
  
• 	
  Monitoring	
  environments	
  
• 	
  Wireless	
  sensor	
  networks	
  	
  

• 	
  Closing	
  the	
  loop	
  
• 	
  Cyber-­‐physical	
  systems	
  
• 	
  Humans	
  in	
  the	
  loop	
  

Monitoring	
  storm	
  petrels	
  at	
  	
  Great	
  Duck	
  Island	
  The	
  Internet	
   The	
  smart	
  	
  energy	
  	
  grid	
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Networked Control Applications 

Urban Planning 

Smart Buildings Intelligent Transportation 

Smart Grid 

Process Industry 

Health & Wellbeing  

Personalized Media 

Information and 
Communication 

Technology 

9 

Dominant 
communication 
technology 

Communica;on	
  in	
  process	
  control	
  

Wireless	
  sensor	
  systems	
  benefit	
  from	
  
•  Lower	
  installa;on	
  and	
  maintenance	
  costs	
  
•  Increased	
  sensing	
  capabili;es	
  and	
  flexibility	
  	
  
	
  

[ISA100] 

WirelessHART 
ISA100 
ZigBee 
… 

Major consequences for control system architectures  



7/3/13 

6 

Today’s	
  industrial	
  communica3on	
  architecture	
  

MCC 

Variable Speed Drives 

S800 I/O 

S900 I/O (Ex) 

Workplaces 

Control Network 

Remote Clients 

System Servers 

Process Automation Process 
Automation and 
Safety 

Operator Engineering Maintenance 

Safety 
Controllers	
  

Sensors	
  

Actuators	
  

Controllers	
  

Centralized	
  control	
  system	
  with	
  low-­‐
level	
  loops	
  closed	
  over	
  wired	
  network	
  

•  Local	
  control	
  loops	
  closed	
  over	
  wireless	
  mul3-­‐hop	
  network	
  	
  
•  Poten;al	
  for	
  a	
  drama;c	
  change:	
  

–  From	
  fixed	
  hierarchical	
  centralized	
  system	
  to	
  flexible	
  distributed	
  
– Move	
  intelligence	
  from	
  dedicated	
  computers	
  to	
  sensors/actuators	
  

Towards	
  wireless	
  sensor	
  and	
  actuator	
  network	
  architecture	
  

Smart	
  Actuator	
  

Smart	
  Sensor	
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Control	
  of	
  froth	
  flota;on	
  process	
  

•  Froth	
  flota;on	
  process	
  concentrates	
  
the	
  metal-­‐bearing	
  mineral	
  in	
  the	
  ore	
  

Ore 

Waste 

Minerals 

Wireless	
  control	
  of	
  floata;on	
  process	
  
Existing	
  wired	
  communication	
  system	
  The	
  Boliden	
  plant	
  

Wireless	
  communica3on	
  for	
  tank	
  level	
  control	
  



7/3/13 

8 

Radio	
  Channel	
  Measurements	
  in	
  
Industrial	
  Environment	
  

Received	
  Signal	
  Strength	
  Indicator	
  

Ahlen	
  et	
  al,	
  2012	
  

•  Rolling	
  mill	
  at	
  Sandvik	
  in	
  Sweden	
  
•  Study	
  of	
  2.45	
  GHz	
  radio	
  channel	
  proper;es	
  
•  Slow	
  but	
  substan;al	
  RSSI	
  varia;ons	
  due	
  to	
  

mobile	
  machines	
  

Networked Control Applications 

Urban Planning 

Smart Buildings Intelligent Transportation 

Smart Grid 

Process Industry 

Health & Wellbeing  

Personalized Media 

Information and 
Communication 

Technology 

16 
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Cyber-Physical Systems Roadmap, German National Academy of Science and Engineering, 2011 

Demands	
  from	
  Goods	
  Road	
  Transporta;on	
  

24%	
  of	
  long	
  haulage	
  trucks	
  run	
  empty	
  
57%	
  average	
  load	
  capacity	
  	
  

Dr.	
  H.	
  Ludanek,	
  CTO,	
  Scania	
  

•  Goods	
  transporta;on	
  accounts	
  for	
  	
  	
  
	
  	
   	
  30%	
  of	
  CO2	
  emissions	
  
	
  	
   	
  15%	
  of	
  greenhouse	
  gas	
  emissions	
  
	
  	
  	
  	
  	
  	
  of	
  the	
  global	
  fossil	
  fuel	
  combus;on	
  	
  
•  Expected	
  to	
  increase	
  by	
  50%	
  for	
  2000-­‐2020	
  

	
   	
  	
  
Interna6onal	
  Transport	
  Forum	
  (2010),	
  EC	
  (2006)	
  

Total	
  fuel	
  cost	
  80	
  k€/year/vehicle	
  

Life	
  cycle	
  cost	
  for	
  European	
  heavy-­‐duty	
  vehicles	
  

SchiEler,	
  2003	
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Technology	
  Push	
  
Sensor	
  and	
  commununica3on	
  technology	
   Real-­‐3me	
  traffic	
  informa3on	
  

Koutsopoulos	
  et	
  al,	
  2010	
  

Vehicle	
  platooning	
  and	
  semi-­‐autonomous	
  driving	
  

T2	
   PHigh	
  PLow	
   Lead	
  T3	
  

Truck 1 Truck 2 Truck 3 

Truck 1 Truck 2 

Truck 3 

Ai
r	
  d

ra
g	
  
re
du

c;
on

	
  [%
]	
  

Rela;ve	
  distance	
  in	
  platoon	
  [m]	
  

Air	
  Drag	
  Reduc;on	
  in	
  Platooning	
  

Wolf-­‐Heinrich	
  &	
  Ahmed	
  (1998),	
  Bonnet	
  &	
  Fritz	
  (2000),	
  Scania	
  CV	
  AB	
  (2011)	
  	
  

5-­‐10%	
  fuel	
  reduc;on	
  poten;al	
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Fuel-­‐Op;mal	
  Goods	
  Transporta;on	
  
•  Goods	
  transported	
  between	
  ci;es	
  over	
  European	
  highway	
  network	
  
•  2	
  000	
  0000	
  long	
  haulage	
  trucks	
  in	
  EU	
  (400	
  000	
  in	
  Germany)	
  
•  Large	
  distributed	
  control	
  systems	
  with	
  no	
  real-­‐;me	
  coordina;on	
  today	
  

Goal:	
  Maximize	
  total	
  amount	
  of	
  platooning	
  	
  
with	
  limited	
  interven;on	
  in	
  vehicle	
  speed	
  and	
  route	
  	
  

Larson	
  et	
  al.,	
  2013	
  

Route	
  Op;miza;on	
  

Alam	
  et	
  al.,	
  2012	
  

Road	
  Segment	
  Op;miza;on	
  

Road	
  Planner	
  

Transport	
  	
  Planner	
  

Real-­‐;me	
  Inter-­‐Vehicle	
  Control	
  

Merge	
   Split	
  

Sort	
  

Discrete	
  Platoon	
  
Coordina;on	
  

Advanced	
  Vehicle	
  Cruise	
  Control	
  

Architecture	
  for	
  Future	
  Coordinated	
  Goods	
  Transporta;on	
  
B	
  

C	
   D	
  

A	
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Look-­‐ahead	
  Cruise	
  Control	
  for	
  Individual	
  Vehicle	
  

Hellström, 2007 

Allam et al., 2011 

Implemented	
  as	
  reference	
  change	
  to	
  exis;ng	
  cruise	
  controller	
  

Require	
  knowledge	
  of	
  road	
  grade	
  α,	
  not	
  available	
  in	
  today’s	
  navigators	
  

Adjust	
  driving	
  force	
  to	
  minimize	
  fuel	
  consump3on	
  based	
  on	
  road	
  topology	
  info:	
  

Distributed	
  Road	
  Grade	
  Es;ma;on	
  

RMS Road Grade Error  

Aggregated N=10, 100, 1000 profiles of lengths 50 to 500 km  

N=10 N=100 N=1000 

Sahlholm, 2011 
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Look	
  Ahead	
  Cruise	
  Control	
  for	
  Platoons	
  

Alam	
  et	
  al.,	
  2013	
  

•  How	
  to	
  jointly	
  minimize	
  fuel	
  consump;on	
  for	
  a	
  platoon	
  of	
  vehicles?	
  
o  Uphill	
  and	
  downhill	
  segments	
  

•  How	
  to	
  order	
  vehicles	
  according	
  to	
  weight	
  and	
  other	
  performance	
  criteria?	
  
o  	
  Heavy	
  and	
  light	
  vehicles	
  

How	
  to	
  Control	
  Vehicles	
  in	
  a	
  Platoon?	
  

N-­‐1	
   1	
  2	
  

•  Platooning	
  control	
  applica;ons	
  require	
  collabora3ve	
  ac3ons	
  
•  Vehicles	
  need	
  accurate	
  es3mates	
  of	
  neighboring	
  vehicles’	
  states	
  and	
  ac;ons	
  

–  Vehicle-­‐to-­‐vehicle	
  and	
  vehicle-­‐to-­‐infrastructure	
  communica;ons	
  
–  Wireless	
  communica;on	
  standards,	
  e.g.,	
  IEEE	
  802.11p	
  	
  

•  Control	
  performance	
  is	
  ;ghtly	
  coupled	
  to	
  how	
  well	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
state	
  informa;on	
  (posi;on,	
  velocity,	
  braking	
  etc)	
  is	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
communicated	
  across	
  the	
  platoon	
  

•  How	
  does	
  the	
  communica;on	
  influence	
  the	
  system	
  performance?	
  
•  What	
  is	
  an	
  efficient	
  communica;on	
  strategy	
  for	
  specific	
  control	
  tasks?	
  	
  

Extensive theoretical and practical studies since Levine & Athans, 1966  
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When	
  is	
  it	
  Fuel	
  Efficient	
  for	
  a	
  	
  
Heavy-­‐Duty	
  Vehicle	
  to	
  Catch	
  Up	
  with	
  a	
  Platoon?	
  

Liang	
  et	
  al.,	
  2013	
  

•  Catch	
  up	
  costs	
  fuel	
  due	
  to	
  higher	
  air	
  drag	
  at	
  higher	
  velocity	
  
•  Distance	
  to	
  platoon	
  dp	
  needs	
  to	
  be	
  small	
  compared	
  to	
  total	
  travel	
  distance	
  dd	
  
•  Tradeoff	
  velocity	
  increase	
  during	
  catch-­‐up	
  and	
  air	
  drag	
  reduc;on	
  during	
  platooning	
  

When	
  is	
  it	
  Fuel	
  Efficient	
  for	
  a	
  	
  
Heavy-­‐Duty	
  Vehicle	
  to	
  Catch	
  Up	
  with	
  a	
  Platoon?	
  

Liang	
  et	
  al.,	
  2013	
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Route	
  Op;miza;on	
  

Alam	
  et	
  al.,	
  2012	
  

Road	
  Segment	
  Op;miza;on	
  

Road	
  Planner	
  

Transport	
  	
  Planner	
  

Real-­‐;me	
  Inter-­‐Vehicle	
  Control	
  

Merge	
   Split	
  

Sort	
  

Discrete	
  Platoon	
  
Coordina;on	
  

Advanced	
  Vehicle	
  Cruise	
  Control	
  

Architecture	
  for	
  Future	
  Coordinated	
  Goods	
  Transporta;on	
  
B	
  

C	
   D	
  

A	
  

When	
  create	
  platoons?	
  

Larson	
  et	
  al.,	
  2013	
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Platoon	
  merge	
  and	
  split	
  	
  
Heavy-duty vehicle traffic without platooning 

Only	
  vehicles	
  that	
  are	
  rela;vely	
  
close	
  in	
  space	
  and	
  ;me	
  platoon	
  

Larson	
  et	
  al.,	
  2013	
  

Merge	
  and	
  split	
  platoons	
  at	
  
highway	
  intersec;ons	
  

Predictive control decisions at network vertices on whether it is beneficial 
 for a vehicle to catch up another vehicle at next intersection 

 
 
 
 
 
 
 
 
 

Distributed	
  op;miza;on	
  of	
  platooning	
  
Heavy-duty vehicle traffic without platooning With platooning  

Larson	
  et	
  al.,	
  2013	
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Numerical	
  evalua;ons	
  
Fuel	
  saved	
  compared	
  to	
  shortest	
  path	
  

•  German	
  road	
  network	
  with	
  300	
  trucks	
  
•  Random	
  star;ng	
  points	
  and	
  des;na;ons	
  
•  500	
  Monte	
  Carlo	
  experiments	
  

Fuel	
  saved	
  vs	
  total	
  no	
  of	
  vehicles	
  

Larson	
  et	
  al.,	
  2013	
  

2-­‐5%	
  deployment	
  enough	
  for	
  
substan;al	
  benefit	
  

Stockholm-­‐Zwolle	
  Testsite	
  	
  

•  Real-­‐;me	
  fleet	
  management	
  
•  Platooning	
  in	
  real	
  traffic	
  
•  Fuel	
  reduc;ons	
  and	
  safety	
  
•  Driver	
  acceptance	
  
•  Public	
  acceptance	
  

Scania	
  Transport	
  Lab	
  	
  
Internal	
  haulage	
  company	
  
20	
  trucks,	
  360.000	
  km/year	
  
75	
  trailers,	
  92%	
  loaded	
  
65	
  drivers,	
  40	
  h	
  work/week	
  

Zwolle	
  

Stockholm	
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Platooning	
  Demos	
  in	
  Media	
  

PhD	
  student	
  Assad	
  Alam	
  on	
  
Discovery	
  Channel	
  (Jan,	
  2012)	
  	
  

Rapport	
  on	
  vehicle	
  platooning	
  developed	
  by	
  KTH	
  and	
  Scania	
  (Oct,	
  2011)	
  	
  

35	
  

How	
  share	
  common	
  network	
  resources	
  while	
  
maintaining	
  guaranteed	
  closed-­‐loop	
  performance?	
  

	
  

	
  

Sensors Controllers Actuators 

Plant 

Wireless	
  control	
  system	
  

• 	
  How	
  handle	
  network	
  imperfec;ons:	
  resource	
  constraints,	
  loss,	
  conflicts,	
  delays,	
  outages?	
  
• 	
  How	
  move	
  intelligence	
  from	
  a	
  few	
  central	
  units	
  to	
  many	
  distributed	
  devices?	
  	
  


