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Feedback control systems everywhere

Plant SensorActuator

Controller

Control over wireless networks

How to control a plant when sensor, actuator and 
controller nodes are wireless network devices?controller nodes are wireless network devices?

Sensors Controllers Actuators

Wireless communication links

Plant
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Emerging applications

• Wireless mining ventilation control

Wi l t l f fl t ti• Wireless control of flotation process

• Vehicle fuel efficiency with networked sensing

• Disaster relief support using mobile sensors

• Surveillance with networked autonomous vehicles 
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Mining ventilation

Control room

Automatic control of 
turbine + heater 

Automatic control
of ventilation fans

• Mining consists of drilling, blasting, 
ore transportation and ore crushing

• Ventilation represents >50% of overall 
power consumption in mining

Wireless mining ventilation control

Control room

Automatic control of 
turbine + heater 

• Mobility and reconfiguration require 
i l i d t ki

Wireless networks:
• Pressure sensor nodes
• CO sensor nodes

wireless sensing and networking

Controller Turbine-
heater

Ventilation
shaft 

Fan
network

Tubes-
rooms

Primary system Secondary system

Automatic control
of ventilation fans

Controller
Network 

Pressure
WSN 

Mobile
WSN 
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Froth flotation process

• Froth flotation process concentrates 
the metal‐bearing mineral in the ore

Minerals

Ore

Waste

• Level and flow sensors are used for regulating    
flotation process using SISO PID control

Wireless control of flotation process

flotation process using SISO PID control

• Wireless sensors enable more flexible control strategies  

Minerals
Controller

Ore

Waste
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Benefits of wireless networking in 
industrial control

• Cost
R d d i i– Reduced wiring

– Reduced installation work 

• Flexibility
– Less physical design limitations

– More mobile equipment 

Faster commissioning and reconfiguration– Faster commissioning and reconfiguration

• Reliability
– No cable wear and tear

– No connector failure

Barriers against wireless networking in 
industrial control

”Market pulse: Wireless in industrial systems: cautious enthusiasm”, Industrial Embedded Systems, Winter 2006



4/9/2008

7

Outline

• Emerging applications

• Control over wireless networks
– A communication or a control problem?

– Time‐ or event‐driven communication?

• Event‐driven control

P di ti t ti• Predictive outage compensation

• Conclusions

Influence of wireless networking 
on feedback control performance

Explicit delay/jitter compensation

Witrant et al., IEEE CCA, 2007

There is a conflict between traditional
• time-driven, synchronous, sampled data control theory
and 
• event-driven, asynchronous, ad hoc networking
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A communication or a control problem?

Approaches to control over wireless networks

1. Communication protocol suitable for control Control1. Communication protocol suitable for control

2. Control application that compensates for 
communication imperfections 

3. Cross‐layer solution with integrated design     
of application and communication layers 

MAC

NET

Control
Application

PHY

Plant

Controller

SensorActuator

Wireless network

WirelessHART
• New wireless networking protocol designed 
for control applications

TDMA and CSMA time slots
Typically 10 ms Periodic superframes of 100 time slots
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• Compensate communication imperfections in controller
Packet losses and bit errors

A network‐aware control architecture

– Packet losses and bit errors
– Outages
– Delay and jitter
– Bandwidth limitations 

Wireless network

NetworkNetwork
observer

Plant
observer

Control
law
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Event‐driven control

• Transmit information only when needed:
Å

Plant SensorActuator

– “If it ain’t broke, don’t fix it” [Åström]

Controller

Wireless network

Time‐ vs. event‐driven control
• Event‐driven control implemented as 

fixed‐level detector at sensor

• Outperforms periodic control

Plant

Controller

SensorActuator

Level
D t t

yu

• Outperforms periodic control Controller

Wireless network

Detector

Åström & Bernhardsson, IEEE CDC, 2002
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When to transmit? 

• Simple medium access mechanism at sensor, 
e.g., level detector

Plant SensorActuator

How to control?

• Apply control law from fixed control alphabet, 
e g piecewise constant controls

Controller

Wireless network

Level
Detector

e.g., piecewise constant controls

Cervin & Henningsson, 2008Johannesson et al., HSCC, 2007Rabi et al., IEEE CDC, 2006 Rabi et al., 2008

Mathematical framework

Rabi et al., 2008
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Controlled Brownian motion 
with one sampling event

A joint optimal control and optimal stopping problem  

Envelope  defines optimal level detector
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Optimal level detector
Plant SensorActuator

Dynamic level detector

Controller

Wireless network

Level
Detector

• Requires numerical solution for the 
Snell envelope  for given U0
• Envelopes define level detectors
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Predictive outage compensation
• Compensate for communication outages by 
model‐based extrapolation of control commandsmodel based extrapolation of control commands

Time

Outage

Unknown piecewise constant disturbance 

Henriksson et al., 2008
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Predictive outage compensation
depends on

– Communication outage length  g g

– Uncertainty of closed‐loop system

– Complexity of POC filter

– Uncertainty of class of disturbances

Example

Predictive outage compensation compensates for substantial outages
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Conclusions
• Wide range of emerging wireless control applications: 

• Need integrated view of control and wireless networking• Need integrated view of control and wireless networking 
– Event‐triggered control to support asynchronous networking

– Outage compensation for control under varying radio conditions 

http://www.ee.kth.se/~kallej


