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Abstract

Wireless communication is widely used in modern devices but has not yet
conquered industry. Introducing wireless control in industry will result in an
economical benefit since installing cables is time consuming and expensive.
Wireless control brings other problems to the table such as delays and packet
loss which are discussed in this thesis. The original problem scenario is
set in an industry with wireless control loops. A fork lift parks in a way
so that communication on a wireless path is broken, creating a so called
communication outage. Two solutions to this problem are proposed.

The first contribution of this thesis solves the communication outage by
re-routing. The solution is a Collection Tree routing Protocol (CTP) that
detects the broken link and finds another way of sending the information.
This solution proves to be effective as only between one and eight packets
is lost. The implementation of this protocol is implemented on wireless
communication modules called Tmote sky motes.

The second contribution deals with lost packets. A Kalman filter based
Predictive Outage Compensator (POC) is introduced and implemented on
a Quanser Two Tank process together with the routing protocol above. The
POC is benchmarked against a naive and commonly used Hold compen-
sator that simply holds the last received value. Results show that the
Kalman POC effectively estimates lost information where the Hold com-
pensator causes over flooding of the water tanks.
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Sammanfattning

Tr̊adlös kommunikation används i allt mer elektrisk utrustning men har
ännu inte errövrat industrin. Införandet av tr̊adlös styrning leder till en
ekonomisk fördel eftersom installation av kablar är b̊ade tidskrävande och
dyrt. Tr̊adlös styrning kan dock skapa fördröjningar och informationsförlus-
ter vilket diskuteras i denna avhandling. Urspr̊angsidén till denna avhan-
dlig grundar sig i ett scenario som utspelar sig i en fabrik med ett tr̊adlöst
styrsystem. En gaffeltruck parkerar av misstag p̊a ett sätt som bryter kom-
munikationen mellan tv̊a tr̊adlösa noder. Tv̊a metoder för att hantera en
s̊adan situation föresl̊as i denns avhandling.

Det första förslaget hanterar situationen genom att skapa ett routing-
protokoll som möjliggör omdirigering. Protokollet kallas Collection Tree
Protocol (CTP) och kan dynammiskt upptäcka liknande avbrott i kom-
munikationen och skicka informationen via en annan tr̊adlös kommunika-
tionsväg. Lösningen visade sig effektiv d̊a endast ett till åtta paket tappades
vid omdirgering. Lösningen implementerades sedan p̊a tr̊adlösa Tmote sky
moduler.

Den andra lösningen till problemet hanterar situationen som uppst̊ar d̊a
information redan har tappats. En Kalmanfilter baserad estimator (POC)
skapas för att estimera den information som uteblivit. En s̊adan POC im-
plementeras sedan med routing protokollet p̊a en Quanser tv̊atanksprosess i
b̊ade simuleringsmiljö och p̊a den verkliga prosessen. Den Kalman baserade
driftkompensatorn jämförs med en enklare driftkompensator som h̊aller det
senast mottagna värdet. Resultaten tyder p̊a att en Kalman POC presterar
bättre än den enklare driftkompensatorn d̊a den senare i vissa fall till och
med fick tankarna att svämma över.

iii



Contents

Contents iv

Nomeclature v

1 Introduction 1
1.1 Wireless Control . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Motivating Examples . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Thesis Outline . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2 Wireless Sensor and Actuator Network 5
2.1 Communication Networks . . . . . . . . . . . . . . . . . . . . 5
2.2 Collection Tree Protocol . . . . . . . . . . . . . . . . . . . . . 6

3 Packet Loss Compensation 11
3.1 Zero and Hold Outage Compensator . . . . . . . . . . . . . . 11
3.2 Kalman Filter Based Compensator . . . . . . . . . . . . . . . 12

4 Implementation 17
4.1 Moteiv Hardware . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 Two Tank Process . . . . . . . . . . . . . . . . . . . . . . . . 18
4.3 Implementation of a Small CTP Network . . . . . . . . . . . 21
4.4 Predictive Outage Compensator . . . . . . . . . . . . . . . . . 22
4.5 Synthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

5 Results 27
5.1 Experimental Evaluation of a CTP . . . . . . . . . . . . . . . 27
5.2 Simulation Evaluation of a Kalman Based Predictive Outage

Compensator . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.3 Experimental Evaluation of a Kalman Based Predictive Out-

age Compensator . . . . . . . . . . . . . . . . . . . . . . . . . 38

6 Conclusions and Further Work 41
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.2 Further Work . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Bibliography 43

iv



Nomenclature

Acronyms and Notations

E[x] Expected value of x

CSMA Carrier Sense Multiple Access

CTP Collection Tree Protocol

ETX Expected Transmission Value

IAE Integrated Absolute Error

MAC Medium Access Control

OSI Open Systems Interconnection

POC Predictive Outage Compensator

TDMA Time Division Multiple Access

WSAN Wireless Sensor and actuator Network

Variables
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CHAPTER 1
Introduction

This is a Master thesis at the Royal Institute of Technology. The thesis is
part of a project called the WiComPi project, lead by Karl Henrik Johansson
at the department of Automatic Control.

The word wireless is on everybody’s lips nowadays. It does not matter if
it is your phone, internet or sound system, every cable that is removed adds
to the mobility of a home. The history and rapid development of wireless
communication inevitably leaves a great impression. Starting at the end of
the nineteenth century with the photophone, and the transceiver invented a
few years later, it is really in the last ten years or so that the mobile phones
and wireless internet routers have acted as ground breaking devices [1].

The same mobility could be useful and economically beneficial in an
industry. Connecting a new sensor requires a lot more work than simply
placing the sensor. Connecting the sensor to the controller with cables could
be difficult depending on how accessibly the sensor is placed. This is a clear
drawback since the sensor has to be placed where it can measure a quantity
and not where wiring is possible. Industries in operation today were not built
with wireless control in mind. It is therefore not realistic to believe that all
industries are going to implement wireless control in the near future. The
option does however remain for industries that are going to be built within
five to ten years.

One of the goals of the WiComPi project is to show that wireless control
can be applied in industry. This thesis implements a wireless control system
that later can be implemented and tested in an industrial environment. A
similar approach to these problems is also described in [2]. This chapter
starts with a short discussion about the pros and cons of wireless control
with motivating examples. The problem formulation of the thesis is then
explained before the outline of the paper is described.

1.1 Wireless Control

Hardware often causes problems regardless if it is in industry or at home.
A cable could easily be damaged, e.g. it is quite common for cables to
be abraded by a nail or similar. Further, copper wires are expensive in
installation while a wireless network only needs a few nodes such as routers.
Once a network is established, a new node could easily be added or removed.
In the wired case it requires planning and execution of how to wire the node.
One of the main advantages of a wireless network is its flexibility. Flexibility,
both in the way that nodes can be moved around as long as they reach the
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Introduction

network but also in the sense that it does not require a lot of space. Now that
more and more sensors are added in modern devices, an immense amount of
cables would be needed if they were wired. After a while cables will require
so much space that it becomes inconvenient.

A negative aspect of wireless control is that more and more wireless de-
vices are communicating which cause interference. It is likely that some
packages do not reach their destination due to this. In the case of wire-
less control there is a way to deal with problems such as lost packages by
predicting what the lost packets should have given. Another problem that
might occur in an industry where big vehicles such as fork lifts move is that
one of the vehicles might physically block a network route.

1.2 Motivating Examples

In order to understand the ideas behind this thesis, two examples, related
to the every day life, are given. The examples try to show how prediction
of data and re-routing is used in the every day life.

1.2.1 Example One

Imagine John Smith, a working citizen with a set office and home. Every
working day, just like any other person, John has to walk for a while in order
to get to the bus station that brings him to the office. This is a walk that
John practically knows by heart. But what happens if John suddenly, in
the middle of the walk, decides to close his eyes while walking? John will
inevitably try to remember where he closed his eyes and what direction he
thinks he should walk in order to reach the bus station. Most likely, John
will be forced to open his eyes again before reaching the bus station. It is
however likely that he could walk in the right direction for a while. During
the time John closed his eyes he predicted where he would put his feet. This
could be related back to a controller that does not receive any sensor values
and therefore starts to predict the expected values instead. It is then very
useful to know the process, or in John’s case the way, in order to reduce the
impact of losing information.

1.2.2 Example Two

When a traffic accident occurs, the information about its location is broad-
casted on the radio in order to inform other drivers. Sometimes an alterna-
tive route is also recommended so that a traffic jam is avoided. The same
principle is used in a wireless network. If a link between two communicating
nodes in the network is broken, the information should be spread through
the network. This will avoid packages from being sent towards a useless
path.

1.3 Problem Formulation

In this thesis, a scenario in an industry is proposed where a plant is controlled
over a wireless network. The problem is to make sure a packet is sent from
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1.4. Thesis Outline

C

POC

S

POCA

Plant Network

Figure 1.1: Possible placements of a predictors with an unspecified network. A
represents the actuator, S the sensor and C the controller.

point A to point B. A and B could be a sensor and an actuator respectively
or vice-versa as in Figure 1.1. The thesis will focus on two ways of dealing
with lost packets.
One where a path is broken and the packets have to be routed through a
different path. This part will focus on the network layer of a wireless network
and can be seen as a way to avoid losing packets. The other part focuses
on the control part of the system where a predictive outage compensator
(POC) is used in order to estimate the value of the lost packets once a loss
actually occurs. Both these problems could be related to Figure 1.1 where
a POC is placed in front of both the actuator and the controller. This leads
to the third problem of this thesis which is to implement a solution to both
the problems above on a Two Tank process. This thesis will focus on a POC
in front of the controller.

1.4 Thesis Outline

A short summary of the thesis is given in the outline where each chapter is
described with a short sentence.

• Chapter 2 Wireless protocols and layers are described. The Collec-
tion Tree Protocol is introduced, which is one of the main subjects of
this thesis.
• Chapter 3 Theory explaining how the Kalman filter based Predictive

Outage Compensator works is explained in this chapter.
• Chapter 4 In the implementation chapter all the components are im-

plemented on the Quanser Two Tank process. The values of different
parameters are also given for a possible re-implementation.
• Chapter 5 The results of the implementation chapter are both pre-

sented and discussed. The routing protocol is first evaluated on its own
and then simulations of the compensator are presented. Finally, the
two parts are combined in a complete implementation on a physical
system.
• Chapter 6 The whole report is summarized with reflections regard-

ing the original idea of the thesis. Possible spin-offs of the thesis are
proposed as future work.
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CHAPTER 2
Wireless Sensor and Actuator

Network

A wireless sensor and actuator network (WSAN) is a cluster of sensors and
actuators communicating with each other. Such a network does not have
a pre-defined structure nor does it have pre-defined types of nodes. This
chapter introduces how these nodes communicate and focuses on the net-
work layer of the WSAN. First, a short description of the Open Systems
Interconnection model is presented. The chapter then describes the software
used for programming the nodes in this thesis. Finally a routing protocol
used in this thesis is also described which is the mains part of this chapter.
The description only focuses on the networking layer of the protocol.

2.1 Communication Networks

The Open Systems Interconnection model (OSI) is a good way to describe
how communication system interact by dividing up the communication into
several layers. The model is shown in Figure 2.1 and a detailed description
of the model is found at [3]. A shorter description of the layers is proposed
below:

• Application Layer: This layer is the closest layer to the user and
takes care of synchronization and communication partner identifica-
tion. It also ensures resource availability.

• Presentation Layer: This layer changes the appearance of the pack-
ets through scrambling and compression.

• Session Layer: Re-establishes lost connections.

• Transport Layer: End-to-end connection is established at this level.

• Network Layer: Routing and flow control is dealt with at this layer.
This layer is responsible of the communication between the sender and
receiver.

• Data Link Layer: Simultaneous communication of two nodes is
avoided at this layer. This layer handles communication of nodes in
the near by area.
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• Physical Layer: This layer is the closest layer to the hardware. It
takes care of communication through internal wires using voltage and
frequency.
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Figure 2.1: OSI model.

As is shown in the Figure 2.1 the user could be imaginatively placed
above the application layer. When the user decides to send data from one
node to another, the data is treated through the layers down to the physical
layer. It is then physically sent over radio or similar to another node which
processes the signal. The signal is then sent up through the layers to the
user again.

2.2 Collection Tree Protocol

The Collection Tree Protocol (CTP) is a routing protocol used in sensor
networks. The protocol creates a collection tree as shown in Figure 2.2. The
bottom node is called root, or sink node, which means that all the data is
sent downwards in the tree to the root. The nodes N1 to N7 could be either
simple relay nodes that forward packets or also create their own data. The
most important part is that all the information is sent towards the root, no
matter which node that sends it.

In this thesis, it is the network layer that we are interested in. There is
however one part of the Data Link layer that can not be left unexplained.
In this layer the Medium Access Control (MAC) layer is defined. This is
important due to that the channel access method is defined in this layer.
There are several different methods which can be read about in more detail
in [4]. A common method is Time Division Multiple Access (TDMA) which
divides the signals into different times slots. This is beneficial when different
users of the network want to communicate without collisions. Each user has
allocated slots where its information can be sent. CTP was designed to use
Carrier Sense Multiple Access (CSMA) policies. The CSMA method causes
the node to listen if another node is sending each time it should send. If no
other node is sending it can send its packet. Different methods have their
advantages and disadvantages. One of the disadvantages of CSMA is that
it can cause delays in the system. If other nodes are sending constantly, the
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2.2. Collection Tree Protocol

node could wait for a long time and hence cause delays. Another problem
that could occur is that two node are listening, the two nodes can then
decide to send at the same time causing a collision.

In short, CTP creates a tree of nodes from the sink node. Each node
establishes the best route to the sink node, which could be either directly
to the sink or through another node. This implies that all the routes to
the nearby nodes are given values of quality to, by each node, and only the
most appropriate route is chosen. Each node has a name and an expected
transmission coefficient (ETX) to the sink. This ETX is established by
estimating the quality of the links between the nodes and assigning a value
to it. Adding up the values of the links between the sink and the node
results in the ETX of the node in question. Since each node calculates its
own ETX, a node only needs to know the ETX of its parent and the link
quality to its parent in order to calculate its own ETX. As is visible, the
sink node ETX is set to zero.

N1

60
N2

48

N3

32

N4

25

NSink

0

N5

35

N6

35

N7

55

28

16

32 25

10

10

20

Figure 2.2: CTP tree establishment with ETX and route estimate values.

2.2.1 Data and Beacon Messages

Data is transmitted over the network in a data frame. This frame is sent
every time a sampled data is generated. When a packet reaches a node it is
acknowledged by responding the sender that the packet arrived. The data
frame contains more information than just the sampled data. The frame is
shown in Figure 2.3 [5].

THL: Time Has Lived shows how many times the packet has been for-
warded.

Origin : Shows from which node the packet originates.
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Sequence Number : Each packet sent from a node receives a sequence
number so that the different packets are unique.

C : If the bit demarked by C is set to one, the node is congested.

P : If this bit is set to one, the node is requesting routing frames from other
nodes.

Beacons are also transmitted through the network, but not intended for the
sink node. These messages, also shown in Figure 2.3, are sent by each node
to all its neighbours. Beacons do not have to be sent with a determined
frequency, it is better to send as sparsely as possible from an energy con-
sumption point of view. In order to send sparsely when there are few events
on the net and more often when events occur, the beacon frequency is dy-
namic. If any event is triggered on the network, for example a broken path,
a beacon is sent. The second beacon is then sent shortly after, while the
third is sent with half the frequency. The next beacon is then sent with half
of the frequency of the third packet and so on. If another event is triggered,
the cycle is repeated. The lowest and highest beacon frequency is defined
by the beacon window length.

2.2.2 Link Quality Estimator

As stated earlier, the link estimator assigns a value to each link between
a node and its neighbours in the network. This is carried out using two
methods. The first method is by comparing the number of sent data packets
with the number of acknowledgements that are received. Logically, this is
only possible to do on the link that the packets are sent. For all the other
links the link estimator uses beacons. From a link estimator header, the
node is told from which node the beacon is sent and which sequence number
it has. This allows the node to calculate how many of the beacons sent from
a specific node it has received. It is then a simple mathematical algorithm
that assigns a value to that link. The mathematical formula, used in both
methods, takes the old values into consideration and is written as

ETX =
αETXold + (10− α)Q

10

where ETXold is the old value of the ETX, Q is the latest transmission
estimate and α is set between zero and ten. The ETX is not updated every
transmission, it is updated every ωd transmissions of data and every ωb

transmissions of beacons, where ωb and ωd are numbers of packets.

2.2.3 Routing Engine

The routing engine uses the link estimator to establish the possible routes
from a node to the sink. The engine updates a routing table that is built
up from the information sent to the node through the neighbouring node
beacons. It stores their ETX and which node they use as a parent from
the frames. Since all nodes carry out this workload, there is no need for a
node to reach all the other nodes, the networks is so called decentralized. It
only becomes important which of the neighbouring nodes that is the most
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2.2. Collection Tree Protocol

appropriate node, to forward the packets to the sink. The routing table is
used for determining the best possible parent. A switch is triggered when
the information about different paths is updated and only occurs if another
path than the one used is better. How much better the new path has to
be is defined by a variable called the parent threshold. The updating of
information in the so called routing table occurs periodically and each time
a beacon is sent. The periodic time interval is defined by a variable called
the parent refresh period.

2.2.4 Forwarding Engine

The forwarding engine sends packets between the nodes. It also has a packet
loop recognition task. In order to avoid retransmissions of duplicate packets,
the forwarding engine looks at the THL value in the data frame. This allows
the engine to see if it is the first time the packets was sent or if it is a
duplicate. Since all packets are not successfully forwarded, the forwarding
engine always expects an acknowledgement from the node it sent the packet
to. If it does not receive an acknowledgement it sends the same packet again.
This procedure is repeated for a pre-specified number of times. After that,
the packet is discarded.

P C Reserved Parent

Parent ETX

ETX

16 bits

P C Reserved THL

ETX

Origin

Sequence No Collect ID

Payload

Data frameBeacon frame

16 bits

Figure 2.3: Routing and Data frames.
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CHAPTER 3
Packet Loss Compensation

It is difficult to apply control without sensor data. It is however possible
to control a process with a few outages of information. An outage is used
to describe the situation where information does not reach its destination.
In the event of an outage it is advantageous to predict what the lost infor-
mation would have indicated. There are several already established ways
of compensating for an outage, two of which are brought to light in the
first section of this chapter. The second section of this chapter focuses on
a Kalman filter based compensator. As a simplification, from now on the
communication between the actuator and the controller will be assumed to
be ideal. The complete system can hence be viewed as in Figure 3.1.

C POC

S

A

Plant Network

Figure 3.1: Simplified view of the complete system.

3.1 Zero and Hold Outage Compensator

Now that the placement of the POC has been determined, what is left is the
choice of action to be carried out. There are, as stated earlier, several differ-
ent kinds of compensators. Each has its own advantages and disadvantages
as will be shown in this thesis.

3.1.1 Zero Compensator

The first POC to be introduced is the zero compensator. When the expected
information is not received at the controller, the zero POC will generate a
zero output. In the case where sensor values are sent to the controller, the
zero compensator tells the controller that the measured states are at level
zero. A situation where such a POC could be useful is for example when
considering an automatically controlled construction crane. A simplified
version of the crane could be that the position of the crane is defined by
its angle relative a fixed coordinate system. The angle can be changed with
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a voltage input. If the crane is moving from one position to another and
suddenly for some reason information of how the crane is positioned is lost,
as a safety precaution a zero voltage could be sent in order to stop the crane.
This POC would have to be placed on the actuator side so that the control
signal is set to zero. A situation when the zero POC would be dangerous is
if the POC would be placed in front of the controller. In the same situation
as above, when information is lost the POC will tell the controller that the
crane is in position zero. Unless the crane actually is in position zero at that
specific time, the controller would act counter productively.

3.1.2 Hold Compensator

The Hold POC holds the last received value before an outage of information
occurs. Considering the construction crane example once again, using a Hold
POC seems wrong. When an outage occurs, the POC holds the position of
the crane constant. This causes the controller to act accordingly even though
the crane still does not move as the POC holds the position constant. This
crane will hence keep on turning until the communication is restored. The
Hold POC is however more applicable when controlling the level of a water
tank for example. If the system is in stationarity at a certain level and an
outage occurs, the best act is then to keep the same level. It is then only
useful to predict that the level remains constant, just as the Hold POC acts.

3.2 Kalman Filter Based Compensator

The Kalman based POC in this section is placed as in Figure 3.1. The POC
is updated every time a sample is sent to the controller. When an outage
occurs it predicts the output of the sensors from past known values. The
mathematical description of the POC is shown on state space form in

POC

{
x̂+ = Ax̂ + Br + Kε

ŷ = Cx̂

where the matrices A, B, K and C are tunable and ε is the input error into
the Kalman filter. The signals and update configuration of the POC are
shown in Figure 3.2. The signal y is described as

y =

{
ŷ, if measurement signal lost

yp, if measurement signal received.
(3.1)

3.2.1 System Description

The Kalman filter showed in the POC box in Figure 3.2 estimates the output
of the complete closed loop system. This includes the process, controller and
the disturbance. The POC estimates the output generated by the complete
closed loop system which brings us to how the components in the closed loop
system are described. First, the process described on discrete state space
form as

P
{
x+
p = Apxp + Buu+ Bdd

yp = Cpxp + n
(3.2)
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3.2. Kalman Filter Based Compensator

(A,B,K,C)

C P +

+

+

d n

r

ŷ

y

yp

ε

−

−
ue

POC

Figure 3.2: Predictive Outage compensator.

where x+
p = xp(k + 1) is the future states of the process, n is measurement

noise and d is the process disturbance. Further, the controller of the system
is also given on a discrete state space form as in

C
{
x+
c = Acxc + Bce

u = Ccxc + Dce

where e is the error e = r−y. In order for the Kalman filter to be optimal,
the disturbance d in (3.2) has to be modelled as filtered white Gaussian
noise [6]. This leads to the description of the disturbance as

d

{
x+
d = Adxd + Bww

d = Cdxd + Dww
(3.3)
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where w is white Gaussian noise. The complete closed loop system can
hence be described on discrete state space form asx+

p

x+
c

x+
d

 =

Ap −BuDcCp BuCc BdCd

−BcCp Ac 0
0 0 Ad


︸ ︷︷ ︸

Acl

xp

xc

xd


︸ ︷︷ ︸

xcl

+


BuDc

Bc

0︸ ︷︷ ︸
Br

BdDw −BuDc

0 −Bc

Bw 0︸ ︷︷ ︸
N


︸ ︷︷ ︸

Bcl

 r
w
n


︸ ︷︷ ︸

ucl

y =
(
Cp 0 0

)︸ ︷︷ ︸
Ccl

xp

xc

xd

+

 0︸︷︷︸
Dcl1

0 1︸ ︷︷ ︸
Dcl2


︸ ︷︷ ︸

Dcl

 r
w
n

 .

(3.4)

A simpler form of the closed loop system is also shown in

x+
cl = Aclxcl + Brr + N

(
w
n

)
︸ ︷︷ ︸
v1

y = Cclxcl + Dcl1r + Dcl2

(
w
n

)
︸ ︷︷ ︸

v2

.

3.2.2 Compensator Design

Now that a state space form of the closed loop system is established it is
possible to design the Kalman filter based POC. It is the estimate of the
output signal yp as in (3.1) that is wanted. In order to retrieve this estimate
all the states of the closed loop system have to be estimated as in

x̂+ = Aclx̂ + Brr + Kε

where K is the Kalman filter coefficient found using the Riccati equation as
in

P = APAT + NR1N
T − (APCT + NR12)(CPCT + R2)−1(APCT + NR12)T

K = (APCT + NR12)(CPCT + R2)−1

where A = Acl and C = Ccl. The covariance matrices are shown below.

R1 = E[v1v
T
1 ]

R2 = E[v2v
T
2 ]

R12 = E[v1v
T
2 ].

The Kalman filter based POC can hence be put on a discrete time state
space form as in

x̂+
cl = Aclx̂cl + Brr + Kε

ŷ = Cclx̂cl + Dcl1r.
(3.5)

Notice that ε is set to zero when the POC is feeding the controller with the
estimates. This is due to the fact that the error between the real output
and the estimate can not be found.

14



3.2. Kalman Filter Based Compensator

3.2.3 Reduction of States

Depending on the nature of the process and controller it is possible that (3.5)
contains many states. The number of states is equal to the sum of the states
in the process, controller and modelled disturbance. If this number is large,
it could be useful to reduce the order of the system in order to retrieve
a simpler system. The goal of such a reduction is to describe the system
with less states without losing any important dynamics. There are several
methods used for such procedures. One called balanced truncation [7] and
another called Hankel approximation [2]. The idea of truncation is to discard
the states with small Hankel singular values. Both these methods end up
describing a system as in (3.5) with less states which can be shown as in

x̂+r
cl = Ar

clx̂
r
cl + Br

rr + K(y− ŷr)

ŷr = Cr
clx̂

r
cl + Dr

cl1r

where index r stands for reduced.

3.2.4 Advantages and Disadvantages

This POC has an advantage of knowing when the reference changes which,
different from the Hold POC, allows the Kalman POC to steer the process
accurately, if modelled correctly. This also brings us to the weak side of the
Kalman POC. Since it is based on a model of a process, controller and a
disturbance, if the system is poorly modelled it will affect the POC.

Due to the fact that the Kalman POC calculates estimates that are
coherent with the reference, integral wind-up is avoided at the controller.
Even though the real output of a process does not converge during an outage,
the estimated values do. Since they are sent to the controller, the controller
will never notice such an error and hence the integral part will not wind-up.
The integral wind-up effect is however placement dependent since it affects
the controller if the same theory is applied on a POC placed in the actuator.
This is not investigated in this report but can be read about in the co-worker
Master thesis report written by Jakob Wallander [8].
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CHAPTER 4
Implementation

Both the POC and CTP have been introduced and with the theory in hand
it is possible to implement the two parts on real hardware. This chapter
starts by describing the wireless motes that the CTP is implemented on.
Then the Two Tank plant that is going to be controlled is also brought to
light. By the end of the chapter, the architecture of the wireless network
as well as how the POC is implemented is explained. Finally, a complete
system with all the different parts is implemented.

4.1 Moteiv Hardware

The complete network and plant system shown in Figure 3.1 is complex
and can be described in several smaller pieces. The wireless motes that
build up the network act as sensors, actuators and relay nodes. All nodes
are equipped with the same hardware which allows radio communication,
sensing and actuation.

In this section the Moteiv Tmote sky hardware is described. This is
one of the types of motes that has the required hardware features. There
are several different types of motes with these features, however it is this
particular mote that is used in the experiments described later on in this
thesis. The motes have more appliances than what is described in this section
that only focuses on the features used in the experiments carried out in this
thesis. The Tmote sky mote is a 3 by 7 cm module shown in Figure 4.1
and 4.2. In addition to the numerous features, the Tmote sky is designed to
be a low power consumption module, as is illustrated in Table 4.1. Below
are some main parts listed, more detailed information is described in [9]:

Nominal Maximum Unit

Current consumption: MCU on, Radio Rx 21.8 23000 µA
Current consumption: MCU on, Radio Tx 19.5 21000 µA
Current consumption: MCU on, Radio off 1800 2400 µA
Current consumption: MCU idle, Radio off 54.5 1200 µA
Current consumption: MCU standby 5.1 21 µA

Table 4.1: Current consumption of a Tmote sky.

• Power source: The Tmote sky can be powered through its USB port
or a pair of 1.5V AA batteries.
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• Microprocessor: Texas Instruments MSP430 F1611 micro controller.
10 kB of RAM, 48 kB of flash and 128 B information storage.

• Radio: Chipcon CC2420 radio which is IEEE 802.15.4 compliant.

• Pin connection: 16 pin connection which allows digital to analogue
or vice versa conversion. Used for sensing and actuation for example.

• Buttons: One programmable user button and one pre-defined reset
button.

• LEDs: Three LEDs are mounted on the chip, one green, one blue and
one red.

• Antenna: It is the antenna that is used for mote to mote wireless
communication.

• 32 kHz oscillator: Used for timing locally on the mote.

USB
connector

User
button

Reset
button

6-pin
expansion

10-pin
expansion

LEDs
USB

microcontroller
RadioAntenna

Figure 4.1: Front side of a Tmote sky module.

4.2 Two Tank Process

Another part of the complete system is the Two Tanks plant, shown in
Figure 4.3. The process has a pump, controlled by a voltage across it, that
pumps water into the upper tank. The upper tank has two outlet holes.
One, that is constantly open, is the inlet to the lower tank. The other is
manually controlled with a tap. This second outlet runs straight down to
the bottom container from which the pump retrieves water. The lower tank
has its outlet into the bottom container. The two tanks have the same size

18



4.2. Two Tank Process

Texas Instruments
MSP430 F1611
microcontroller

32 kHz
oscillator

Figure 4.2: Back side of a Tmote sky module.

in height and area. The outlet holes of the tanks are interchangeable with
three different dimensions. The tank system is connected to a power module
as in Figure 4.3b to which a sensor and actuator can be connected.
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(a) Illustration of the two tank process. (b) Picture of the two tank process.

Figure 4.3: The two tank process in a picture as well as illustrated. The illustra-
tion shows how the water tanks are described with size parameters.

4.2.1 Modelling the Two Tank Process

The same Two Tank process as described above is used for the labs in the
course Basic Control Theory at KTH. In the laboratory preparations the
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linearized system is shown to be described on transfer function form as in

∆X1(s) =
k

1 + τs
∆U(s)

∆X2(s) =
γ

1 + γτs
∆X1(s)

(4.1)

where ∆X1(s), ∆X2(s) and ∆U(s) are the laplace transforms of the lower,
upper tank level and input signal respectively. Left to find are the constants
γ, τ and k. By looking at the tank system in steady state, it is noticeable
that the tank levels are not stationary at the same level, except when empty.
This is due to the difference in size of the outlet holes and is given a value
with γ as in

γ =
h2
h1

= 0.9626 (4.2)

where the actual value of γ was found by experiment. The results of the
step response is shown in Figure 4.4a. From the same step it is possible to
calculate k as is shown in

k =
h1,f − h1,s
uf − us

= 0.0443 [mV −1]

where index’s s and f stand for start and final respectively. The value of
τ is the time it takes for the step to reach (1 − e−1) of the step amplitude
which results in

τ = t(1−e−1) − tstep = 18 [s].

Now that the values of the constants in (4.1) are known, the system can
be put on an observable canonical form [10]. Once on observable canonical
form the tank system can be described as in(

ẋ1
ẋ2

)
=

(
−0.05511 0
0.05511 −0.05725

)(
x1
x2

)
+

(
0.00244

0

)
u+

(
1
0

)
d

y =

(
1 0
0 1

)(
x1
x2

)
where x1 and x2 are the states of the upper and lower tank level respectively.
It is then possible to implement the model in Simulinkr and retrieve data
from a step as described above. The results from the linear model are
shown in Figure 4.4b. The plots in Figure 4.4 can be used for validation
of the model. Due to the non-linear behaviour of the tank system and the
linearisation as above, the same step in voltage does not result in the same
water levels for the real and simulated system. The important features
however agree between the plots. The two main features implied by this
are the dynamics in the step response and the ratio γ between the water
levels. It is only due to the difference in water level where the two plots are
stationary, that it looks as if the ratios disagree.

4.2.2 Non-linear Implementation

A non-linear version of the tank process was also derived for a more real-
istic simulation environment. This non-linear model is derived using mass
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Figure 4.4: The water tank level from in input of 5.9 to 7.3 V was carried on the
real tank as well as the simulation model.

balance and Bernoulli’s law. The describing equations are shown in

dh1(t)

dt
= −α1

√
2gh1 + βu(t)

dh2(t)

dt
= α1

√
2gh1 − α2

√
2gh2

where the tank outlet areas α1, α2 and the pump constant β can be found
using known parameters in

τ =
1

α1

√
2h01
g
, k = βτ, γ =

α2
1

α2
2

.

4.3 Implementation of a Small CTP Network

In this section a small network of motes is proposed. The network uses CTP
but is restrained to some specific routes. Figure 4.5 shows how the motes
are physically placed relative each other. The routes, represented by arrows,
are the only possible routes that the packets can be sent. This means that
Node 1 is the only node that could choose between two routes.

From a CTP perspective it could seem as if the protocol is useless. This is
however a simplified version of a possible situation in industry. For example
if Node 1 is sending packets through the upper path and suddenly a fork lift
is parked in a way so that communication between Node 3 and the sink is
broken. The incident is soon identified by the routing engine in Node 3 that
sees the link quality of the broken link deteriorate. This link quality estimate
is deteriorated since the link estimator does not receive acknowledgements
and the beacons are not received at Node 3 from the sink, as was described
in Section 2.2. As soon as the ETX rises at Node 3, the ETX of Node 2
automatically increases as well. This causes Node 1 to change to the lower
path.

This scenario is simplified in order to shown how a routing protocol
such as the CTP is dynamic enough to identify a problem and act accord-
ingly. The same principle is applied to a bigger network that does not have
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Node 1

Node 2 Node 3

Node 4 Node 5

Sink

Source

Figure 4.5: Small wireless network of motes with one sink and one packet gener-
ator. Nodes one to five are only forwarding packets.

restricted paths. For implementation purpose, the exact values of the dif-
ferent CTP parameters are shown in Table 4.2.

4.4 Predictive Outage Compensator

With the motes installed on the Two Tank system, the POC action is the
only part left. This section explains how a Hold POC and a Kalman POC
were implemented on the Two Tank system. A zero POC was not im-
plemented due to its obvious faults. Predicting that the tanks are empty
when an outage occurs seems witless. The Hold POC and the Kalman POC
described in this section use the same implementation of noticing an out-
age. When the first packet arrives at the controller a 1.2Ts timer is started,
where Ts = 1 s. If a new packet arrives before the timer runs out, the timer
is restarted and a control signal is sent based on the real measurements. If
a packet does not arrive before the timer runs out, the POC sends a control
signal based on the estimates instead and a new Ts timer is relaunched. The
same procedure is repeated for the Ts timer until a packet arrives at the
controller. The reason for having a longer timer for the first lost packet is
to allow a 20% delay of the packet. The idea is that a 20% delay or less is
better than controlling the tank from the estimates and it allows for a few
retransmissions of packets.

4.4.1 Hold Compensator

The implementation of the Hold POC is simpler than the Kalman POC
since the motes do not need to carry out any calculations. The controller
mote was simply programmed to hold the last value from the sensor in case
of an outage as was described in Section 3.1. This POC has naive tendencies
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4.4. Predictive Outage Compensator

Parameter Value Unit

Link Estimator

α 7
ωd 5 packets
ωb 3 packets

Routing Engine

Min beacon window length 128 ms
Max beacon window length 10 s
Parent switch threshold 5
Parent refresh period 8192 ms

Forwarding Engine

Max retransmissions 6
Time to hold before retransmission 15− 30 ms

Table 4.2: Table presenting the CTP parameters that were set to different values
than the standard values.

since the controller will initiate steps in the reference even if the Hold POC
is active during a step. The Hold POC can be described as in

POCHold

{
y = yp,2(k), if measurement signal received

y = yp,2(k − 1), if measurement signal is lost

where y is the output from the POC. Noticeable is the fact that all mea-
surements pass through the POC and it is only in case of an outage that
the Hold POC holds the last value. Further, neither y or yp,2 are vectors in
this case due to the fact that only the second state is fed to the controller.
Hence the index 2 in yp,2. This is due to the nature of the controller that
was chosen to be single input single output.

4.4.2 Kalman Based Compensator

As is shown in Section 3.2, the Kalman POC includes a model for the con-
troller, Two Tank system and a disturbance. The Two Tank process was
modelled earlier in this chapter and the chosen controllers were designed in
Matlabr using the function pidtune, creating PID controllers. From this
function the state space form of the controllers can be established by simply
specifying their cross over frequency and their phase margin. It is harder to
model a disturbance since it is not as predictable. In this case the distur-
bance on the tanks is the tap that controls one of the two outflows from the
upper tank. Due to the use of a Kalman filter as the POC the disturbance
has to be modelled as filtered white noise in order for the Kalman filter to be
optimal. The disturbance was therefore modelled as integrated white noise
which would satisfy the Kalman requirements as well as create a somewhat
realistic model. The state space form in (3.3) can hence take the appearance
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as in

d


x+d = 1︸︷︷︸

Ad

xd + 1︸︷︷︸
Bw

w

d = 1︸︷︷︸
Cd

xd + 0︸︷︷︸
Dw

w.

When implemented in the simulations however there is no need to use filtered
white noise, it is only for the establishment of the Kalman filter constants. In
the simulation environment the disturbance was implemented as a negative
constant acting on the upper tank as d = −0.003 [ms−1].

Two different PID controllers were implemented on parallel form as in

PID :kp +
kiTs
z − 1

+
kd

Tf +
Ts
z − 1

with parameters as in Table 4.3 which resulted in Kalman filter coefficients
as shown in the same table. The K matrices from Table 4.3 were found to

Controller cross over frequency [rads−1] Phase margin[◦] kp − ki − kd − Tf K

1 0.07 57 55.72− 1.69− 85.18− 5.78 K1

2 0.04 70 28.11− 0.981− 70.09− 2.883 K2

Table 4.3: Table showing the control parameters used in the implementation. The
used controllers were both PID controllers on parallel form.

be

K1 =


0.3869 −0.1245
0.0589 0.0174
−0.0000 −2.0000
0.0000 −0.0000
0.0819 0.0031

 K2 =


0.3869 −0.0816
0.0589 0.0185
0.0000 −4.0000
0.0000 0.0000
0.0819 0.0031

 .

Both K matrices have two columns and five rows due to the two states
in the process, two states in the PID controller and one last state in the
disturbance model. Since the POC receives wireless packets, the POC is
put on discrete state space form. The tank process was therefore also put
on a discrete state space form, with a one second sampling time, which
resulted with (3.2) looking as in(

x+1
x+1

)
=

(
0.9464 0
0.0521 0.9444

)(
x1
x1

)
+

(
0.0024

0

)
u+

(
0.9729
0.0266

)
d

y =

(
1 0
0 1

)(
x1
x1

)
.

The rise time of the two tank process is around 40 seconds. This moti-
vates the sampling time which is below a tenth of the rise time, a common
rule of thumb in control theory. Left to solve the Riccati equations is the
choice of the variance of the white noise. After comparison between simu-
lated output and real output, the measurement noises for each tank and the
filtered white noise from the disturbance were chosen as

n1 = 4 · 10−6 [m], n2 = 4 · 10−6 [m] and w = 4 · 10−8 [m/s]

where the values of ni are the amplitudes of the two Gaussian white mea-
surement noises.
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4.5. Synthesis

4.5 Synthesis

Before the complete POC equation in (3.4) is filled in and the controller
mote is programmed, one more change has to be effectuated. Due to the
pure integrator from the I-part of the PID controller there is a pole on
the unit circle in the closed loop system. This pole creates problems when
solving the Riccati equation. A way to deal with such a problem is to move
the pole just a little bit towards the center of the unit circle. This takes
away any singularity problem but can not be used in the model. This minor
adjustment is only present in the POC equations which theoretically impairs
the integral part of the POC. It is however negligible when the system is
implemented.

Due to restricted processing capabilities of the motes, the Riccati equa-
tions are calculated off-line in Matlabr. Only minor calculations that up-
date the POCs states are effectuated on the motes. This means that all
calculations are first carried out off-line and then the matrices of the closed
loop system in (3.4) are manually implemented on the controller mote. Due
to this restriction in hardware it is useful not to have too many states in
order to make the implementation easier. In this case however, reduction
according to Section 3.2.3 was not attempted. This is due to two reasons.
The first since the amount of states in this system is not excessive. The
other since when a system is reduced it is first balanced. This balancing
and reduction causes the state space equations to change and the physical
intuitive understanding of the states is lost. Before a reduction, the two first
states describe the water levels in the tanks while after the balancing and
reduction, the states could mean something completely different, not related
to a physical value.
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CHAPTER 5
Results

So far in this thesis, the theory and implementation of wireless control on a
Two Tank system over a CTP network has been explained. The implemen-
tation of this system was successful which is showed in this chapter. Three
different experiments were carried out in order to assess the capabilities of
the complete system. First a simple experimental evaluation of the CTP
network alone was carried out aimed at showing re-routing and delay prob-
lems. The POC was also evaluated both through simulations and through
a real experiment with the CTP network implemented.

The first section of this chapter presents the results from the implemen-
tation of the small CTP network. Both end-to-end delay and re-routing
problems are addressed in the experiments. The second part of this chap-
ter is a simulation experiment intended for showing the performance of the
Kalman POC compared with the Hold POC. This simulation is performed
for various controllers and outages. The last section of the chapter shows
results from a real implementation of the CTP network and the POC on the
Two Tank process.

5.1 Experimental Evaluation of a CTP

One of the purposes of the experiments on the CTP network was to identify
possible problems that the network could cause on wireless control. One of
the expected problems is that the end-to-end delay of the network is large
enough to affect the system. Such an effect would then have to be taken
into consideration when simulating the complete system. Another problem
is that re-routing from a bad path to a good path could cause a loss of
packets. Two experiments with two different purposes are presented in this
section. The first is a forty minutes long experiment. Dummy packets with
the same size as the actual packets from the tank system were sent from
the sensor mote to the controller mote, through the network. The second
experiment was carried out for 240 s and was intended to show the effects
of re-routing.

In the first, and longer, experiment one packet per second was sent for
forty minutes. During the whole experiment not a single packet was lost.
No track of which of the two ways the packets were sent was observable.
The experiment was carried out indoors with less than a meter between
the motes, nothing was placed between the motes that could have blocked
the signal. The mote communication scheme is shown in Figure 4.5. In
Table 5.1 sending time values are shown. A normal distribution of sending
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time is noticeable in the histogram, shown in Figure 5.1. Apart from one
packet that had a delay of 0.25 s and another three or four with a delay
around 0.1 s, almost all packets have a normally distributed delay around
0.065 s. From these results it is clear that a CTP network without external
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Figure 5.1: Long experiment end-to-end delay histogram of transmission time be-
tween sensor and controller.

sources of delay would not create problematic delays in a system such as
the two tank process. A delay less than a tenth of the sampling time is
negligible.

The second experiment was much shorter but showed a more interesting
result. The physical disposition of the motes was the same as for the first
experiment but data from all the motes was recorded. During the short
experiment the following events took place:

• Connection to Node 2 was blocked at t = 40 s.
• Connection to Node 2 was re-opened at t = 80 s.
• Connection to Node 5 was blocked at t = 140 s.
• Connection to Node 5 was re-opened at t = 180 s.
• Transition ended at t = 420 s.

The motes were blocked in the software by shutting off their radio using
the user button. The sending times of this experiment are also shown in
Table 5.1 where it is noticeable that the same performance was not achieved.
This deterioration in performance is due to lost packets when a mote is
blocked. The histogram, in Figure 5.2, clearly shows the deterioration and
increase in transmission time. In the histogram, all the packets that were
not received were discarded for the plot. When a mote was blocked as
described above, packets were lost during the change of path. Depending
on how far away from Node 1 in Figure 4.5 the blocked mote is, the longer
time it takes to notice the blocking. Remembering that it is the mote in
Node 1 that has the choice of route, the ETX has to be propagated back
to Node 1 from the blocked mote. The scenario is as follows, the mote
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Figure 5.2: Short experiment end-to-end delay histogram of transmission time
between sensor and controller.

Duration Lost packages [%] Average send time [s] Max send time [s] Min send time [s]

40 [min] 0 0.0651 0.2519 0.0468
240 [s] 0.0202 0.0962 0.1993 0.0738

Table 5.1: Table showing end-to-end time delays of the two experiments.

in Node 5 is blocked which makes the ETX in Node 4 increase since no
acknowledgements are received from Node 5. Node 4 sends its ETX to Node
1 which notices that the path through Node 2 and three is better. The other
scenario where connection to Node 2 is blocked is noticed faster at Node 1
since Node 1 can notice the break itself. This explanation is illustrated in
Figures 5.3 and 5.4. For easier understanding of the illustration, a zoomed
in version of the first change in route is shown in Figure 5.5 where one can
see in more detail how a packet is sent from one mote to another.

The results of these experiments show that a small network such as this
does not cause a significant delay. It is the re-routing of packets that cause
the most damage, and the closer the broken path is to a possible route
change, the less damage it causes. This network was very restricted in order
to be able to clearly illustrate the effects of a damaged route. Considering a
bigger network with more path alternatives it should be more robust. Even
in this small network, if all the nodes could send to any node, the changes in
routes would be as fast as the example in Figure 5.3. One more interesting
aspect of this network is that only a 10:th of the capacity is used. The
average send time is less than a 10:th of the sampling frequency. An simple
way to put it is that another ten Two Tank systems could be controlled
over this very network. This would of course require scheduling of time slots
which is not discussed in this thesis.
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Figure 5.3: Plot illustrating the change in route from the upper path to the lower
path made during the experiment. The paths are color coded, one
green and one purple. The change in route is indicated by a red
triangle and is classified as an action. Node 1 is coloured red.

Figure 5.4: Plot illustrating the change in route from the lower path to the upper
path made during the experiment. The paths are color coded, one
green and one purple. The change in route is indicated by a red
triangle and is classified as an action. Node 1 is coloured red.
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Figure 5.5: Close up of the first change of route. The small dots represent a try
of sending a packet. If the packet was sent successfully it is indicated
by a diamond around it and a star as an acknowledgement. The plus
sign illustrates that the packet was received.
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5.2 Simulation Evaluation of a Kalman Based Pre-
dictive Outage Compensator

For evaluation of the Kalman and Hold POC in a simulation environment,
two types of controllers were chosen. The two controllers were described
earlier and the parameters are shown in Table 4.3. In order to be able to
compare the two POCs with different controllers, the same scenario was used
for the simulations. The scenario is as follows:

• The water level was put to a level close to 0.1m.
• At t = 100 s a step from 0.1m to 0.16m was launched.
• At t = 323 s a disturbance representing the tap was turned on.
• At t = 395 s the tap was turned off.
• The simulations were stopped at t = 600 s.

In Figure 5.6 and 5.7 the scenario is presented for both controllers with-
out any outages. In order to find interesting results, various outage cases
were simulated with outages starting from t = 0 s to t = 450 s. The lengths
of the outages were varied between t = 0 s and t = 150 s. The combination
of start time and length created a vast amount of simulations, each simula-
tion with its own start and duration on the outage. This resulted in a lot
of data which can not be treated one by one due to the time it would take.
The final value of the integrated absolute error (IAE) of each case was there-
fore plotted against the length and start of the outage, resulting in a three
dimensional plot. The IAE is a commonly used method to evaluate con-
trol performance. It is important to remember that each point in the three
dimensional figures represent one simulation as in Figures 5.6 and 5.7. In
order to be able to compare the results, the values were normalized with IAE
from the simulations without outages which results with a measure of how
many times the performance has deteriorated or increased compared to the
simulations without outages. The results are shown in Figures 5.8 and 5.9.
The colors in the plots are misleading when comparing between the plots.
This is due to that the color in the plot only reflects the relative height in
the plot. What is noticeable is that the Kalman POC always remains below
IAE = 1.2 while the Hold POC has values above that twice for each plot.

Since the plots are normalized with a no-outage case, a value of one would
seem as the optimal value. From the plots it is visible that the Kalman POC
is below one during the disturbance. This means that it would be better
to have the POC on while the disturbance is active. The same results are
also visible for the Hold POC in Figure 5.8b but not to the same extent.
The biggest difference between the Hold and Kalman POC is when a long
outage starting just before the change in step occurs. This seems to be the
worst case for the Hold POC. The Kalman POC even seems to be just below
one at the same interval which could be due to noise attenuation from the
Kalman filter. The outputs and control signals for these cases are shown in
Figures 5.10 and 5.11. The plots show that the Kalman POC handles the
outage over the step very well and that the real output stays close to the
estimated output through out the whole outage. The Hold POC remains at
the right level until the step in the reference is launched. The controllers
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Figure 5.6: Slow controller without outage. The plots show the reference following
above and control signal below.
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Figure 5.7: Fast controller without outage. The plots show the reference following
above and control signal below.

then notice that the error between the output and the reference is increasing
and acts accordingly.

This results in an increase of the real water tank level without the con-
troller noticing the disaster. Since the Hold POC still estimates a feed signal
yfeed as it was before the step, a more aggressively tuned controller will cause
more damage as is visible in the plots. This is not the case for the Kalman
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Figure 5.8: Three dimensional plots of the outage start, length and IAE with the
slower controller.
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Figure 5.9: Three dimensional plots of the outage start, length and IAE with the
faster controller.

POC that does not suffer from a more aggressively tuned controller. The
overshoot is larger for the faster controller but the difference between the
estimated signals and the real signals seem to be more affected by the water
level and outage duration than by the tuning of the controller. The higher
the water level and the longer the outage, the larger the difference is between
the signals. In fact, the Hold POC causes the water level to increase more
than a physical system tolerates, in the Two Tank system the tanks would
have over flowed at a level greater than 0.25m. In the simulations however,
the tanks were not limited which comes to show another interesting aspect.
Once the step hits the system, the integral part of the controller, in the Hold
POC case, starts winding up. This is clearly illustrated in Figure 5.11b, once
the signal is restored the control signal reaches its bottom. This effect can
not occur in the Kalman POC since when an outage occurs, the error going
in to the controller converge to zero and the water level is stabilized. A
possible scenario is that the water level becomes stationary at an incorrect
level, this will however not cause integral wind-up effects.
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(a) Kalman POC.

0 100 200 300

0.1

0.2

0.3

0.4

0.5

time [s]

W
a
te
r
T
an

k
L
ev
el
[m

]

r y2
yfeed y1

0 100 200 300
0

5

10

15

time [s]
A
m
p
li
tu
d
e
[V

]

u

(b) Hold POC.

Figure 5.10: Plots of the real and estimated values of a 125 s long outage starting
at t = 60 s with the slow controller. The red zone represents an
outage.
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(a) Kalman POC.
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(b) Hold POC.

Figure 5.11: Plots of the real and estimated values of a 125 s long outage starting
at t = 60 s with the faster controller. The red zone represents an
outage.

Looking back at the three dimensional plots in Figures 5.8 and 5.9, both
the Hold and Kalman POC have trouble dealing with long outages when
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the disturbance is active. This is also the only time where the performance
of the Kalman POC is clearly deteriorated compared with when there is no
outage. The results from such an outage are shown in Figures 5.12 and 5.13.
In the plots it is noticeable that there is almost no difference in performance
between the Hold and Kalman POC for the slow controller. The control
signal in the Hold case decreases slowly due to a small static error when
the outage occurred. This small error is also present in the Kalman case.
The Kalman POC will however compensate for this small static error which
results with the control signal remaining at a constant level. This effect is
clearly visible when comparing the Hold and Kalman POC in Figure 5.13.
The Hold POC even causes wind-up effects clearly visible in Figure 5.13b,
when the outage ends the control signal instantly reaches 10V creating an
overshoot.

An interesting result that is shown in all the figures illustrating the re-
sults from the Kalman POC is that the signal is less noisy during outages.
The estimates follow the real values very well as is seen in Figure 5.6 and 5.7.
It could therefore be advantageous to feedback the estimates even when there
is no outage. This would result in a less noisy control signal. To summarize
the simulation results, it is clear that the Kalman POC is a better choice
of prediction model than the Hold POC. The two main advantages are the
ability to follow references and avoiding integral wind-up. The Hold POC
works particularly good in stationary situations but does not out perform
the Kalman POC. The choice of POC is process dependent, in this case
however the Kalman POC is very adequate for the Two Tank system.
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(a) Kalman POC.
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(b) Hold POC.

Figure 5.12: Plots of the real and estimated values of a 150 s long outage starting
at t = 282 s with the slow controller.
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(a) Kalman POC.
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(b) Hold POC.

Figure 5.13: Plots of the real and estimated values of a 150 s long outage starting
at t = 282 s with the faster controller.
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5.3 Experimental Evaluation of a Kalman Based
Predictive Outage Compensator

The same scenario as in the simulations was carried out on the real Two
Tank process and the CTP network. Due to the inaccuracy of the timers
on the motes, the times are not exactly reproduced. For disturbances and
steps, the times were recorded using a stop watch. The two outages occurred
at t = 59 − 179 s and t = 274 − 443 s instead, which still causes the same
problems as were noticed in the simulations. First, plots of the water levels
and the control signal are shown in Figure 5.14. The behaviour of the
real output is very similar to the the simulated values. There is however
a small glitch in the real system around t = 260 s which is caused by a
hardware failure. This type of behaviour appeared in several experiments
at different times and this experiment was chosen due to the time that the
problem appeared. The problem did not affect the rest of the results in this
experiment.

Concerning the outages applied on the real system, shown in Figures 5.15
and 5.16, the same problems of integral wind-up with the Hold POC are
visible. For the step in the reference, the Hold POC reached 0.25m and had
to be switched off due to over flowing of the tanks. The results from the
experiments reinforces the results showed in the simulations.
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Figure 5.14: Plots of the reference tracking and control signal for the real tank
experiments using the faster simulated controller.
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(a) Kalman POC.
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(b) Hold POC.

Figure 5.15: Outage between t = 59 and t = 179 s. The plots compare the
reference tracking and control signal for the two POCs.
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200 300 400 500
0

5

10

15

time [s]

A
m
p
li
tu
d
e
[V

]

u

(a) Kalman POC.
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(b) Hold POC.

Figure 5.16: Outage between t = 274 and t = 443 s. The plots compare the
reference tracking and control signal for the two POCs.
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CHAPTER 6
Conclusions and Further Work

This last chapter in the thesis summarizes the conclusions and reflects back
to the original idea why this thesis was written. A section of ideas for future
development of this thesis is also given. The hope is that the ideas brought
forward in this thesis might one day be part of an industrial standard.

6.1 Conclusions

In this thesis two problems of wireless control have been introduced. The
thesis also proposes and explains two separate methods of dealing with such
problems. Finally, the two problems have been implemented on a Two Tank
process in order to prove that the solutions are of relevance. The problems
discussed were thought out to be from a possible scenario in an industrial
environment. The scenario is launched by a vehicle such as a fork lift that
physically blocks a transmission path used for wireless control.

The first solution of this problem handles the problem on routing pro-
tocol layer. This blocking of the path is noticed and the packets of infor-
mation are re-routed through another path. This solution uses a Collection
Tree routing Protocol which dynamically realizes that a path has been cor-
rupted. Another possible way of routing the packets is then identified. It
was noticed in the thesis that a re-routing takes time and forces packets to
be discarded. The solution did not have a pre-specified performance require-
ment but could be implemented on a real process which was one of the goals
of the thesis.

The other solution handles the same problem when an outage of infor-
mation actually occurs. In the solution a two POCs were implemented, one
naive Hold POC and another Kalman filter POC. The results showed that
the Kalman POC was superior to the Hold POC in almost all cases, ex-
cept in stationarity where both POCs performed equally. One of the main
advantages of the Kalman POC is that it eliminates possible problems of
integral wind-up in the controller. The advantages of the Kalman POC were
observed in the simulation environment where it was evaluated for numerous
cases of outages and two different controllers. The results of the simulations
were then supported by the results from the physical implementation of the
complete system on the Two Tank process. One of the ideas from the start
was to be able to test this implementation in an actual industrial environ-
ment. This was to be carried out in a swedish industry but due to delay in
the project that this thesis is part of, the opportunity never presented itself.
The system is however ready to be implemented.
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6.2 Further Work

The implementation proved to be successful which was the goal of the thesis.
During the end of the thesis some ideas for improving the implementation
arouse. These ideas are presented on bullet point form below:

• When feeding back both the upper and lower water level, the estimated
values had trouble to converge to the real values if the tanks were
badly calibrated. The Two Tank process can sometimes de-calibrate
itself which changes the ratio γ, in (4.2), between the water levels. If
this ratio is different in the estimated values and the real values, the
estimates could not converge. A sollution to this problem could be
to only feed back the lower water tank level which could improve the
robustness for model imperfections.

• The control signal was noisy except during an outage. This is due to
the estimates not predicting the measurement noises. It could there-
fore be advantageous to always feed the estimates to the controller in
order to retrieve a more steady control signal.

• The small implementation of a CTP network was restricted by mote
communication and size. This restriction takes away some of the points
of a CTP network that could be much bigger and more effective. A
possible future work in the area could implement a less restricted and
larger network in order to use the CTP network to its full capacity.

• An interesting task for the future is to test the scenario in an industry
environment in order to see how much the network actually is affected.
A more detailed evaluation of the CTP network could be carried out
in such an implementation.
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