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Abstract

The communication rate between the sensor and the supervisor in computer
controlled systems is often limited. If multiple sensors are using the same
communication link the limitation can compromise the control of the system,
especially when wireless technology is used. To lower the communication rate
new sampling methods have been evaluated. Event-triggered sampling has
shown to give good results when it comes to sampling for control.

This thesis presents a redundancy solution when a first order water tank
plant is controlled by the use event-triggered sampling and the communica-
tion link between the sensor and the control algorithm is exposed to packet
losses. The redundancy solution is constructed to give good performance in
the tradeoff between low sampling rate and high quality of control.

First, a deterministic sampled PID controller is developed and imple-
mented on the plant. The PID controller is used as a reference solution in
a comparison. Then, an event-triggered sampling and control solution is de-
veloped and implemented. The reference signal is distributed to the sensor
and the event-triggered policy uses fresh level crossings in the control error
to trigger samples. The event-triggered control algorithm uses proportional
control to give fast responses to changes in the reference signal. Measure-
ment losses are simulated to act as packet losses between the sensor and the
supervisor. The redundancy solution is implemented and performances of
the different cases are compared.

The event-triggered solution shows good results compared to the PID
solution, especially when the reference signal changes rarely. The results
shows that the effects of measurement losses are an increased communication
cost and a decreased tracking performance. More interesting, the effect of
the redundancy solution is a restored tracking performance compared to
when no losses occur. The negative effect is an increased communication
cost compare to when no redundancy solution is used.
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Chapter 1

Introduction

1.1 Computer controlled systems and communica-
tion

In the industry today most controlled systems utilize control by the use of
a computer. It can for example be; the angular velocity of the rollers in a
paper mill; the angular acceleration of a tire in an anti-spin system for a car
or the concentration of substances in a melting core.

A general description of such computer controlled system is that sensors
measure some quantities of the system, see figure (1.1). The sensors then
feed a computer-system with the measurements and the computer-system
calculates a control effort according to some predefined rule. The resulting
control effort is then forwarded to some actuators, which have the ability to
influence some quantities of the system.

The communication between the different control actors, i.e. sensors,
computers and actuators, is usually carried out through the use of a packet
data link. An example of this is the CAN (Controller Area Network), which
is a standard of digital communications within controlled systems.

The role of the sensor in a computer controlled system with data link com-
munication is vital. The sensor utilizes a sampling rule to retrieve samples of
some quantity of the system. The sampling rule decides whenever a measure-
ment should be transmitted to the computer, in which the control algorithm
is located. By the task of controlling the flow of samples to the control al-
gorithm the sampling rule is a major part of the control solution. Both the
control algorithm and the sampling rule are usually constructed in depen-
dent of each other.

With a data link as the communication channel, between the sensor and
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Figure 1.1: A general description of a computer controlled system with lossy
and limited data link between the sampling policy and the control algorithm
.

the computer, the rate of communication is limited. The effect will be a
limitation on the sensors ability to forward measurements to the control al-
gorithm. This will lead to a distinct difference in the know information about
the measured state between the sensor and the computer. The sensor cannot
forward all the information to the computer. In most cases the controlled
system is slow compared to the limits of the communication rate and the
sensors can therefore transmit a sufficiently high rate of samples in order to
give an effective control of the system.

The use of wireless technology in the communication between the sensor
and the computer gives benefits. It, for example, eliminates the wire that is
needed when using wire based communication. This saves the material cost
of the wire and it also embraces a faster installation of the sensors, due to
the absent of work effort of putting a wire in place. The main drawback is
that wireless data links often has a more limited communication rate than
wire based data links.

When several sensors use the same data link as their communication channel
the problem of a limited communication rate increases. If the sampling rate
of a sensor is not sufficient it can risk the control of the system. With a more
extended use of controlled systems it is important to evaluate new sampling
policies that can reduce the amount of communication between sensors and
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computers, and which will preserve the quality of control.

1.2 Packet losses and redundancy in data linked
networks

Data linked communication is commonly inflicted by the loss of data packets.
The packet losses occur due to phenomena like disturbances, path loss, cross
talk etc. The effect of packet losses is that measurements are lost. Hence,
the control law has no updated information about the state.

The rate of packet losses is usually higher in wireless communication than
in a wire based communication. A common cause of packet losses is when
different wireless networks interfere each other. This happens because they
use the same medium for their transmissions. In the wire case this is not a
problem because the transmission mediums are secluded by the use of sepa-
rate wires.

To overcome packet losses redundancy policies can be used. A commonly
used policy is that the transmitter requests acknowledgment from the re-
ceiver if the packet was successfully received. If no acknowledgment is re-
ceived the transmitter will re-send the packet. This solution will ensure
that all packets, eventually, are successfully transmitted. The drawback is
that the re-transmitted packets will increase the communication cost. In
a wireless network - where packet losses are more common than in wire
based networks - the effect of the resent packets will have a greater effect on
the communication rate. Hence, it is important, not only to evaluate new
sampling policies, but also new redundancy policies that give an acceptable
tradeoff between a low communication rate and a high quality of control.

1.3 Sampling solutions for computer controlled sys-
tems

Today, most computer controlled systems use a time deterministic sampling
policy. The measurements of the states are collected and forwarded to the
computer at predetermined time instants. In most cases the sampling is
cyclic. The benefit of the predetermined cyclic sampling is that the com-
puter has knowledge of when the samples will occur. Another benefit is that
there is a well-developed and established theory about this type of sampling
and control. The main drawback is that measurements will continue to be
transmitted even when there is no need for the control effort to be changed.

In this work the emphasis will be on the use of event-triggered sampling
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Figure 1.2: The function of an event-triggered sampling scheme, where each
sample is triggered by a fresh level crossing
.

and control. Especially when the data link between the sensor and the com-
puter is exposed to measurement losses. In contrast to a deterministic sam-
pling policy, the sampling instants of an event-triggered sampling policy are
not predetermined. Instead, they are a function of the state of the system.
Event-triggered sampling yields the possibility to be modified in a way that
measurements are collected when they are needed. The effectiveness of each
samples can therefore be increased.

It has been resolved that event-triggered sampling and control give good
results compared to deterministic sampling [1], [2] and [3]. In this work an
event-triggered sampling and control policy which uses a redundancy policy
will be presented and evaluated for a specific case. The intention is to show
that event-triggered sampling and control can be used under the influence
of packet losses in a specific case.

1.4 Goal definition of this work

In the research about event triggered sampling the problem of dealing with
packet losses is still unexplored. The goal of this thesis is to present and
evaluate a redundancy solution for a specific case of event-triggered sampling
and control.

The event-triggered sampling and control solution will be developed and
implemented on an educational water tank plant from Quanser. By the use
of simulated packet losses the effect of the redundancy policy can be mea-
sured.
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One important question is how the event-triggered solution and the redun-
dancy solution compares to a commonly used solution. In order to make the
comparison a deterministically sampled PID controller will be implemented
on the same plant. The reason why a PID solution is chosen rather than a
proportional controller is that the PID controller is probably the most used
control solution in the industry. It therefore yields the most interesting com-
parison in the sense of comparing different technologies. The performance
of the different control solutions will be presented, evaluated and compared.

In [4] it is shown that a system with deadbands can maintain the same sta-
bility properties of a system with no deadbands. It also shows that deadband
control gives acceptable tracking performance with significant communica-
tion cost performance. In [5] a PID controller is used with an event-triggered
sampling scheme. It shows that it is possible to obtain large reductions in
CPU utilization with only minor reduction in the quality of control. In [6]
it is shown that an event-triggered PID controller and an event-triggered
minimum variance controller can be implemented. Other works concerning
event-triggered sampling control are [7] and [8].

To the best of my knowledge there has not been any prior work on event-
triggered sampling for control that take packet losses into account and use
selective retransmissions. In this work the main goal will be to explore this
type of strategy.
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Chapter 2

The water tank plant

In this thesis the emphasis will be on comparing the performance of sample
and control solutions in a specific case. In this case the comparison is imple-
mented by the use of a water tank plant. The plant is an educational two
tank plant from Quanser. It has the ability to work as different systems.
However, in this work the plant is set to characterize a first order nonlinear
system.

This chapter describes the character of the tank and the modeling of the
water level of the tank, which will be the target of control. It also describes
the implementation of a deterministic sampled PID controller. The PID
control is a commonly used solution for this type of control, and will be
working as the reference solution of the comparison.

2.1 Description of the water tank setup

The plant has two cylindric tanks positioned on top of each other. In this
work only the lower tank will be used. It has a small outlet hole and a
pressure sensor located at the bottom end. The outlet hole forms a small
constricted outflow of water from the tank. The sensor puts out a voltage y
that is assumed to be proportional to the height x of the water column in
the tank by a constant kc.

A DC-motor is used to pump water into a hose system, which supplies the
tank with a controllable flow of water. The water flow qin is assumed to be
proportional to the applied motor voltage u by a constant k.

The voltages u and y are connected to a National Instrument I/O-card,
which is located inside a PC. With the help of the connected I/O-card and
the PC it is possible to sample the sensor voltage and apply voltages to the
DC-motor.
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2.2 Modeling of water level

The tank and the outlet hole can be generalized as a large tube, with cross
section area At, placed on top of a smaller tube, with cross section area Ah,
see figure (2.1). The flow of water through the smaller tube can be derived
by the use of Bernoulli’s law, which is valid along a streamline of the tubes
and says [9]

ρgz +
1
2
ρv2 + ptotal = constant (2.1)

where ρ is the density of water, g the gravity constant, z the height, v
the velocity and ptotal the total pressure.

By choosing two points, one at the water surface z1 = x + xh and one
at the lower end of the smaller tube z2 = 0, and assuming that the total
pressure is equal at the two points, (2.1) gives

ρgz1 +
1
2
ρv2

1 + ptotal = ρgz2 +
1
2
ρv2 + ptotal =⇒

v = ±
√

2gz1 + v2
1 = ±

√
2g(x+ xh) + v2

1

where v1 is the speed of the water at point z1.

With the assumptions that the speed v2 is negligible compared to v, that
the length of the smaller tube xh is zero and that v is positive, the flow of
water from the outlet hole is given by

qout = Ahv = Ah

√
2gx (2.2)

The water level x of the tank is given by

dV

dt
= At

dx

dt
= qin − qout (2.3)
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Figure 2.1: Generalization of the water-tank as two tubes with flowing water

Equation (2.2) and (2.3) give the following model of the relation between
the DC-motor voltage u and the sensor voltage y

dx

dt
= −Ah

At

√
2gx+

k

At
u

y = kcx

(2.4)

To simplify the expression the following denotation will be used −Ah
At

= α

and k
At

= β.

2.3 Estimation of plant parameters

The parameters of the model can be estimated by the use of simple experi-
ments.

The cross section areas At and Ah can be estimated by measuring the diam-
eters of the tank and the outlet hole, by the use of a ruler. The cross section
areas are then given by

Area =
πd2

4
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where d is the diameter.

The proportional constant kc can be estimated by applying two different
constant voltages to the DC-motor. The water level will, eventually, become
steady and the height of the water levels x1 and x2 can be measured by
the use of a ruler. The corresponding sensor voltages y1 and y2 can also be
measured by sampling the voltage with the use of the PC. The constant is
then given by

kc =
y1 − y2

x1 − x2

The proportional constant k can be estimated by putting the state at a
constant level x1, by the use of a constant DC-motor voltage u1. At steady
state, the model (2.4) gives the expression of the constant as

k =
Ah

u1

√
2gx1

2.4 Sampling and prefiltering

With the condition that the water height is measured by a pressure sensor,
measurement disturbances are introduced by pressure noise. The pressure
noise arises from turbulence created by the inflow of water into the tank and
is highly dependent on the rate of the flow, hence on u. Both a high flow rate
and a sudden change in flow rate introduce significantly large disturbances.
Other disturbances, e.g. electrical or actual disturbances in height of the
water level, can be assumed negligible compared to the pressure noise.

2.4.1 Kalman filtering

A good strategy to estimate the state from a highly disturbed signal is to use
an observer. In this thesis the prefiltering of the sampled sensor measure-
ment is implemented by the use of a discrete Kalman filter. This solution
gives the advantage that the estimate of the state is partly depicted by a
model instead of merely relying on a highly disturbed measurement signal.
In order to implement a Kalman filter, a linearized and discretized represen-
tation of (2.4) has to be derived.
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A linear model of the plant is obtained by linearizing (2.4), which gives

dx

dt
=

αg√
2gx0

x(t) + βu(t)

y = kcx(t)
(2.5)

where x0 is the point of linearization. To simplify the expression the fol-
lowing denotation will be used αg(2gx0)−

1
2 = A, β = B and kc = C.

A discrete zero order hold representation of (2.5) is given by [10]

x(n+ 1) = eAhnx(n) +B

∫ hn

0
eAsds u(n)

y(n) = Cx(n)

where the following denotation will be used

eAhn = F

C = H

B

∫ hn

0
eAsds = Gu

and where hn is the sampling time.

The process noise w(n) and the measurement noise v(n) of the plant are
assumed to be white zero mean noise with variance R1 and R2. A stochastic
model of the plant is given by

x(n+ 1) = Fx(n) +Guu(n) + w(n)
y(n) = Hx(n) + v(n)

(2.6)

An estimating Kalman filter of the model (2.6) is given by [11]
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Time update:
x̂(n+ 1 | n) = Fx̂(n | n) +Guu(n)
ŷ(n+ 1 | n) = Hx̂(n+ 1 | n)

P (n+ 1) = FQ(n)F T +R1

Measurement update:

L(n+ 1) = P (n+ 1)HT [HP (n+ 1)HT +R2]−1

x̂(n+ 1 | n+ 1) = x̂(n+ 1 | n) + L(n+ 1)[y(n+ 1)−Hx̂(n+ 1 | n)]
Q(n+ 1) = P (n+ 1)− L(n+ 1)HP (n+ 1)

where Q(n) is the error covariance, P (n) is the posterior error covariance
and x̂(n | n) the estimate.

The main design problem of the Kalman filter is to estimate the variance
of w(n) and v(n), hence to choose R1 and R2. In reality the variances are
dependent on time. In this work they are assumed to be constant. The
choices will decide how much the estimate will depend on measured data or
on the model. By choosing a large R1 the estimate will rely more on mea-
sured data. Contrary, if R2 is large the estimate will rely more on the model.

A good choice seems to be R1 = 0.01 and R2 = 0.1. If a better estimate is
needed a trial and error process can improve the quality of the estimate.

2.5 PID control of water tank plant

In order to evaluate the event-triggered sampling and control solution a PID
controller is used as a reference solution. The PID controller is a good choice
as a reference solution because of its wide use in the industry.

There are several different versions of PID control laws. In this work the
following will be used

u = Kpe(t) +KI

∫ t

0
e(τ)dτ +KD

d

dt
e(t)) (2.7)

where Kp, KI and KD are user tuned parameters and e(t) the control error.

To be able to implement the PID controller in a computer system (2.7)
has to be discretized. This can be done by using Euler’s backward method
[12], which gives the following algorithm for the PID controller
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uP (k) = Kpe(k)
uI(k) = uI(k − 1) + hKIe(k)

uD(k) = KD
e(k)− e(k − 1)

h

where

u(k) = uP (k) + uI(k) + uD(k) (2.8)

and h is the sampling time.

The parameters of the PID controller can be chosen by tuning the setup
on line. This gives a fast way of obtaining reasonable performance. First KI

and KD are set to zero and Kp is increased until reasonable step responses is
obtained. Then KI is increased until the steady state control error is elim-
inated. KI cannot be set too high in order to maintain stability. Then KD

can be increased until any overshots are eliminated. By choosing Kp = 30,
KI = 2.3 and KD = 0.1 reasonable performance is obtained. The step re-
sponse of the plant is depicted in figure 2.2.

To compensate for integrator windup the value of the integrator part of
(2.8) is limited to the boundaries of the control effort. In this case the lower
boundary is 0 an the upper is umax.

2.6 Down-sampling

In order to compare the performance of a deterministic controller with an
event triggered controller the deterministic implementation has to be able
to run at different sampling rates. To accomplish this the sensor voltage
is sampled at high rate hn and the control algorithm is down-sampled by
an integer factor q. The effective sampling rate h of the controlled system
can thus be h = {hn, 2hn, 3hn...}. The benefits of using a down-sampling
solution is that it is possible to keep a sufficiently high rate of sampling that
will eliminate alias effects. The sampled signal can then be filtered before
the down sampling process.
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Figure 2.2: Step response of the plant using the PID solution with a sampling
time of 0.016 s
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Chapter 3

Event-triggered sampling and
control

A general picture of an event-triggered sampling and control solution is a
sensor that samples the system according to some predefined event-detection
rule. Each sampling instant both triggers a measurement of the state and
a change in the control effort according to some control algorithm. Hence,
both the sampling and the control algorithm are triggered by events hap-
pening at the state of the system.

With the picture above an event-triggered sampling and control solution is
a distributed control solution. The sampling rule decides when a change in
the control effort will occur and the control algorithm decides what the new
effort will be. It is therefore vital to consider both the events that will trig-
ger the samples and the control algorithm as two mutual part of the solution.

In this chapter an event-triggered sampling and control solution is presented.
First, the solution is presented when no measurement losses occur in the com-
munication between sensor and supervisor. Later, it is modified to handle
measurement losses by the use of a redundancy solution. The goal of the
solution is to give good performance in the tradeoff between high quality of
control and low communication costs.

3.1 An event-triggered controller

3.1.1 Level-triggered sampling

In this work the goal of the control is to track a reference signal. A reasonable
event-triggered sampling policy would be to divide the state space of x into
levels and trigger a sample at each fresh level crossing. This level-triggered
solution will ensure a fairly constant flow of measurements when the state
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moves trough the space. By choosing sufficiently short intervals between the
levels, this solution also ensures that the sampling rate will be sufficiently
high to give a desirable quality of control.

A desirable property of a level-triggered sampling scheme would be that
the reference value r coincides with a sampling level. The benefit would be
that when the state hits r a sample is triggered and a possible change in
the control effort can be made, see figure (3.1a). If the reference does not
coincide with a level there will be a delay between the change in control
effort and the time instant when the state hits r, see figure (3.1b).

a) b)

Figure 3.1: a) No delay in response when the state hits the reference value
b) The delay in response of the sampling when the state hits the reference
value

With the solution above, where the state space of x is divided into levels,
r cannot be arbitrary and at the same time always coincide with a sam-
pling level. The solution only works if the levels and the reference values are
predetermined and adjusted to fit each other. Instead, if the space of the
control error e was divided into levels, this problem would not occur. The
levels would originate from the reference value and thus the solution will pro-
vide the use of arbitrary reference values. The drawback is that r has to be
distributed to the sensor, which will increase the communication cost. This
solution is therefore more suitable when the reference value is assumed to
change rarely. It also corresponds to the idea that event-triggered sampling
is more efficient when the state is at rest than when it moves.

A set of sampling levels can be denoted in the following way

L = {l−M , ..., l−1, l0, l1, ..., lM} (3.1)

where l0 = 0 and lm ∈ R, for every m.
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Let the event-triggered sampling times be when the error does a fresh cross-
ing of one of the levels L. A set of event-triggered sampling instants can be
denoted

T = {τ1, ..., τN}, N ≥ 1 (3.2)

where τn ∈ t and τn < τn+1 for every n.

The set of measurements of the control error e that is sent to the super-
visor can then be denoted

E = {e1, ..., eN} (3.3)

where en = e(τn) ∈ L .

The choice of intervals between the levels is dependent on the control goal.
An important choice is the intervals between l−1, l0 and l1. When the last
triggered sample originates from l0 the space between l−1 and l1 forms a set
in which no samples can be generated. Hence, the control error can move in
this subspace without any counteracting change in the control effort. The
choice of l1 and l−1 therefore constitutes a limit on how accurate the control
of the state can be in the vicinity of the reference value.

The intervals between the remaining levels affect how often samples will
be generated. Short intervals will give a high rate of samples and long in-
tervals a low rate of samples when the state moves through the state space.
The choice of levels is therefore dependent on how often the control law re-
quires to be updated with new samples in order to control the state properly.

The choice of levels also has an impact on the number of samples gener-
ated. With a shorter interval between l1 and l−1 the state will reach one
of the levels faster than with a longer interval. The difference in speed will
naturally make a difference in the time between the sampling instants, and
therefore have an impact on the number of samples generated.

3.1.2 Control algorithm

When using event-triggered sampling the information stream from the sensor
is irregular. The sensor will, according to some predefined rule, send mea-
surements when some events are happening and receive no measurements
otherwise. The irregular stream of samples will put certain demands on the
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control law.

When the goal of the control is to track a constant reference value, the
state will move trough the space and at some time instant hit the reference
value and become constant. Prior to this point it can be assumed that new
samples will be generated. After the occurrence of steady state it can not be
assumed that further measurements are to be expected. An event-triggered
control algorithm should therefore be constructed to handle two type of sce-
narios. One where it can expect more measurement and one where it cannot
expect more measurements.

One problem that occurs when using level-triggered sampling is that the
communication cost is dependent on the trajectory the state uses to move
through the space, see figure (3.2). If the step response shoots over and
the control error hits the level on the other side of l0 it will increase the
communication cost. When the state moves back to the reference value the
control error will trigger an additional sample at l0. Hence, the effect will be
two extra samples. A desirable quality of a level-triggered control algorithm
would be to drive the state to the reference value as fast as possible and then
keep it there. This should be performed such that the overshoot is as small
as possible.

a) b)

Figure 3.2: The effect when the state uses different trajectories in the step
response. b) has a far better rise time and settling time than a). The
negative effect of b’s , with overshoots and oscillating transients, is 3 times
the amount of generated samples compared to a).

An elementary way of meeting this quality is by applying a constant con-
trol effort. The model (2.4) can be generalized as a nonlinear system in the
following form

ẋ = f(x) + bu

y = cx
(3.4)
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where the system is assumed to be stable, hence f(x) < 0 for all x ∈ R+. If
the control effort is given by

u = −1
b
f(r) (3.5)

the point x = r will obviously be a stable equilibrium point and the tra-
jectories of x will point to r for all x ∈ R+. Hence, the state will move
towards r and then become steady at this point.

The drawback of such elementary control law (3.5) is that it will give slow
step responses and therefore have poor tracking abilities. The design is also
sensitive to disturbances and model error, due to the lack of feedback.

A better strategy would be to combine the design above (3.5) with one that
utilizes the information of the samples and acts more aggressively. The use
of a proportional feedback would give these properties. It would also give
the property that the aggressiveness of the controller can be decided, by the
change of the proportional gain.

A joint control law should let the proportional term be decisive whenever
further samples can be expected and when the state is at a distance from the
reference value. As the state approaches the reference value the impact of
the proportional term on the control effort will decrease according to the pro-
portional gain. When the state reaches the point where no further samples
can be expected, the control effort should only be decided by the constant
control (3.5).

A control law that depicts this behavior is given by

u(r, eN ) = −1
b
f(r) +KeN (3.6)

where K is the proportional gain. The gain K should be decided to give
a sufficiently aggressive controller for the state to be driven to the reference
value. It should not be set too high, in order to avoid overshoots.
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3.2 Under the influence of packet losses

When the sensor sends a measurement and the packet is lost in the data
communication, the measurement cannot be used by the computer. The
known information about the state, at the computer, is therefore dependent
upon if packet losses occur. If there is a lack of information it is reasonable
to suspect that the control of the state will be affected.

When measurement losses occur in a level-triggered sampling and control
solution it can both have negative consequences on the performance and on
the sampling rate. The quality of control will intuitively decrease, because
the control law cannot derive the proper control effort without an updated
measurement of the state. Without a proper control effort the trajectory the
state uses to negotiate the space will be changed. If packet losses occur at
levels located in the vicinity of the origin of the control error it can intro-
duce overshots in the step response. The effect can be - as discussed in the
previous subsection - an increased communication cost.

To deal with packet-losses various redundancy solutions can be used. One
commonly used is when the sensor requires an acknowledgment from the
supervisor when the packet is successfully received. If no acknowledgment
is received the sensor will keep re-transmitting the measurement until the
supervisor acknowledge the success of the transmit. If this solution is used
it will guarantee successful transmission of every sample. The drawback is
that the re-transmitted samples will increase the communication cost.

A more effective re-sending policy should use acknowledgments when it is
most effective. This will lead to a policy that is a tradeoff between a low
amount of re-sent samples and high quality of control. By study the pro-
portional control law (3.6) it can be noticed that a measurement loss will
not make a significant difference in the communication cost or in the quality
of control if it occurs at a level located at a distance from the origin of e.
When a measurement loss occurs the control law will retain the control ef-
fort, which will drive the state faster towards the reference value compared
to if no measurement was lost. When the control error hits a level located
closer to the origin the control law will - assumed that no measurement loss
occur at this level - adjust the control effort to its ordinary value. The effect
is that overshots can be avoided and the trajectory of the state does not
differ much compared to if no measurements is lost.

If packet losses occur when samples are generated from levels located in
the vicinity of the origin or from the origin itself, the effect on the sam-
pling rate and the quality of control - as discussed before - will be larger. It
is therefore more effective to use acknowledgments when losses occur from
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samples triggered at these important levels.

Since the reference value is distributed to the sensor in the solution above,
it is possible for the sensor to decide if a sample is generated from a level
located close to l0. A re-sending policy can therefore be used by the sensor
to decide if samples are to be re-sent or not.

Hence, a good solution would be to exclusively use acknowledgment when
the state triggers samples from levels located close to the reference value.
The choice of the levels is a tradeoff between low sampling rate and high
quality of control. Samples triggered from other important levels can also
utilize acknowledgments. For example, levels that constitute boundaries for
the physical motion of the states.

Assume that a set of significant levels, re-transmitting levels, are.

Λ = {λ1, ..., λp} ⊆ L (3.7)

A re-transmitting policy is: If a measurement en is triggered at a level lm ∈ Λ,
then the measurement en should be retransmitted until an acknowledgment
is returned.

When using a re-transmitting policy the control algorithm is given by,

u(r, εN ) = −1
b
f(r) +KεN (3.8)

where εN is the last received measurement at the computer.
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Chapter 4

Experiments

In this chapter the experimental part of this work is presented. The ex-
periments are carried out with the use of the water tank plant described in
previous chapter. They are designed to capture the performance in the qual-
ity of control and in the communication rate of the event-triggered control
solution and the re-sending policy.

4.1 Experiment setup and implementation of con-
trol solutions and redundancy schemes

The control and the redundancy solution are evaluated by using a simu-
lated communication link. The following setup is used. The sensor and the
DC-motor cords are connected to an amplifier box in order to give a suf-
ficiently high amount of signal voltage. The amplifier box is connected to
a connector board, which is connected to a National Instrument PCI data
acquisition board located inside an ordinary PC. The PCI acquisition board
uses an A/D and a D/A zero order hold converter to sample the signals. The
sampling rate is set to hn = 16 ms and the maximum output voltage from
D/A converter is set to umax = 3 volt. The PC operating system is Windows
XP and the software used to program the logic of the algorithms and man-
age the communication to the PCI card is National Instrument’s Lab View.
The setup is implemented with the intent to be able to sample the sensor
voltage; program the logics of the previously described algorithms; program
the logics of a simulated communication link and and put out control signals
to the DC-motor.

The programmable logic of the experiments can be divided into three major
blocks, see figure (4.1) .

• The logic of the sensor

• The logic of the wireless channel
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• The logic of the supervisor

Figure 4.1: A block representation of the logics of the implemented system

4.1.1 The logic of the sensor

The logic of the sensor contains three parts:

• The Kalman filter

• A sampling policy

• A re-sending policy

The sampling policy part uses a cyclic deterministic sampling rule when
the PID solution is used and a level triggered rule when the event-triggered
solution is used. The sampling rule decides whenever a sample is to be sent to
the logic of the wireless channel. The deterministic rule uses down sampling
with an integer factor of the nominal sampling time hn. The event-triggered
rule compares samples collected from the A/D converter with the previously
collected sample to decide if a level crossing has occurred. If the crossing is
fresh it will forward the corresponding value of the level.

The re-sending policy is used only with the event-triggered solution. It re-
ceives the reference value from the supervisor block and a loss indicator from
the wireless channel block. If a sample is indicated to be lost the re-sending
policy re-sends the sample.

4.1.2 The logic of the wireless channel

The logic of the wireless channel is used to simulate measurement losses.
The logic decides if values from the sensor are going to be forwarded to the
supervisor or not. The decision is fed back to the sensor by the use of an
indicator.
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4.1.3 The logic of the supervisor

The logic of the supervisor consists of the control law. The control law either
contains the PID algorithm or an event-triggered control algorithm. Each
sample that is received triggers a calculation of a new control effort and
changes the control effort to the new value.

4.2 The choice of levels

There is an infinite number of levels that can be used in the event-triggered
solution. In this work the class of levels used are uniformly distributed.
To accomplish different sampling rates the intervals between the levels are
variable. The effective range of the intervals is limited. If set too short
measurement disturbances will trigger samples. If set too long no samples
will be triggered when the reference value changes.

4.3 The choice of reference signal

The choice of reference signal is an important factor in the comparison
of performance between the different sampling and control solutions. The
event-triggered sampling will trigger fewer samples when the state is at rest
compared to when it moves through the state space. Each change in the
reference signal will also require communication in order to distribute the
new reference signal to the sensor. Hence, a reference signal that changes
more frequently will increase the communication cost for the event-triggered
controller derived in the previous section. A good choice of reference signal
would be one that most of the time is constant, but occasionally changes in
a way such that the state has the time to become steady. This would both
show the low communication rate at steady state and the ability to track
a reference value. To get statistics on the effectiveness of the step response
several steps have to be made, especially when the solution is affected by
measurement losses. The chosen reference signal used in this work is a cyclic
step sequence of one positive and one negative step.

The settling time, of both the deterministic- and the event-triggered con-
trolled system, is approximately 5 seconds. By choosing the period of the
cyclic reference signal to Tr = 20 seconds each step response can be divided
into two time intervals of the same length. One where the state moves and
one where the state is steady or close to steady.
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The choice of step height is also and important factor. The PID solution
is a linear design applied on a non-linear system. It can be assumed that
the performance of the controller can be affected when used around different
points in space and with different step height. It is therefore important that
the PID controller is tuned to work with the chosen reference signal. The
event-triggered solution is a nonlinear design and should not be affected when
used at different regions. More important is the relation between the step
height and the intervals between the levels. With too short step height the
number of intervals that can be used to obtain different sampling rates is low.

With the choice of a reference signal that changes between 10 to 14 cm
reasonable step responses are obtained. The step height of 4 cm gives suffi-
ciently many intervals to compare sampling rates.

4.4 Simulation of packet losses

Packet losses arise from different phenomena, e.g. disturbances, loss and
cross talk. The decisive factor if a packet is going to be transmitted success-
fully is the condition of the communication link. In this work the condition
is assumed to be random and decided by a variable P . The distribution
function of P ′s is dependent on the condition of the communication link.

A generalization of the loss process is that the probability of a loss is ei-
ther, on the instant of the transmission, dependent or independent of other
time instants. The underlying factor is that the distribution function of P is
dependent on time varying conditions of the communication link. The effect
in a realization will be a loss trace where losses occur sporadically in some
parts and more grouped together in bursts in other parts.

To resemble this behavior in simulation the probability of packet losses can
be changed over time. However, in this work the probability of a loss will
be constant, but set to a high value of 30 percent. This will give a more
decisive result and the redundancy scheme used in a bad case scenario. The
loss trace will have parts with sporadic losses but also parts with losses in
bursts.

4.5 Performance measurement

This section describes the different performance measurements that are used
to compare the performance of the solutions.
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4.5.1 Tracking performance measurement

To measure how good a controller tracks a reference signal the integral ab-
solute error IAE can be used. It is given by

IAE =
∫ Tf

0
|(x(t)− r(t))|dt (4.1)

where Tf is the time horizon.

In this work the output of the system y is sampled by a computer system.
The IAE can then be replaced by using the sum of absolute errors SAE. It
is given by

SAE =
J∑

j=0

∣∣∣∣( 1
kc
y(jhn)− r(jhn)

)∣∣∣∣ (4.2)

where hn is the nominal sampling time, j the number of the j:th sample
and J − 1 the total number of samples collected.

4.5.2 Communication cost measurement

The communication cost of the PID solution is the number of measurements
sent from the sensor NDS . For the event-triggered solution there are four
different communication costs: 1) The number of event-triggered samples
NETS . This does not include the samples that are triggered when r changes.
The computer can update its own control error by adding the change in r.
Hence, it is unnecessary for the sensor to transmit the change in e. 2) The
number of re-sent samples NETRS . 3) The number of acknowledgments sent
from the computer NETAck. 4) The number of distributed reference values
NETref . The total communication cost for the event-triggered solution is

NET = NETS +NETRS +NETack +NETref

To compare the performance of the different solutions the SSE can be com-
pared to the mean sampling rate. In the PID solution the mean sampling
rate is

fPID =
1
h
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where h is the sampling time. In the event-triggered solution the mean
sampling rate is given by

fET =
NET

Tf

where Tf is the time horizon of the experiment.

4.5.3 A more interesting measure of performance

A more interesting way of measuring the performance is to divide the step
responses of the experiments into two different part. One part where the
first seconds of the steps are compared and one where the last seconds are
compared. This will show where the control solutions are most effective.
The sum of absolute error (SAE) for the step part is given by.

SAEstep =

(
2

Tf
Tr
−1

)∑
i=0

{
|e(jhn)| :

Tr

2
i ≤ jhn <

(
Tr

2
i+

Tr

4

)}
(4.3)

The sum of absolute error (SAE)for the steady part is given by

SAEsteady =

(
2

Tf
Tr
−1

)∑
i=0

{
|e(jhn)| :

(
Tr

2
i+

Tr

4

)
≤ jhn <

(
Tr

2
(i+ 1)

)}
(4.4)

where 2Tf

Tr
is the total number of steps, Tf the time horizon of the experi-

ment, Tr the cycle time of the reference signal and j = {0, . . . , J}. Tf is a
multiple of Tr.

The corresponding mean sampling rate for the PID solution is fPID. The
communication cost for the event-triggered solution is the sum of event-
triggered samples, re-sent samples, distributed reference signals and acknowl-
edgments in each time period. Denoted NETstep and NETsteady. The mean
sampling rate is then given by
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fETstep =
NETstep

Tf/2

fETsteady =
NETsteady

Tf/2

30



Chapter 5

Results and conclusions

5.1 The event-triggered solution under packet losses

5.1.1 The effect of packet losses

Figure 5.1 depicts the step responses of two different scenarios of measure-
ment losses and one scenario with no losses. The main difference is the
trajectories of the step responses. The case when samples are lost in the
vicinity of the reference value has a greater overshot, which triggers addi-
tional samples. The reason for the overshot can be seen in the difference of
the control effort. The control algorithm does not update the control effort,
hence it is kept too high and the state overshoots.

The difference of the control effort can also be noticed between the two
other cases. The effect is large in the beginning of the step responses but is
restored when the state reaches the reference value. Hence, the effect on the
step responses is negligible.

The reason why it seems to be a delay at the beginning of the step for the
case without losses is because of measurement disturbances. An increased
control effort - This yields an increased water flow - will increase the turbu-
lence in the tank, which will increases the measurement disturbances.

5.1.2 The effect of the re-sending policy

Figure 5.2 depicts the behavior of the step response with a re-sending policy.
The effect is that the step does not shoot over as much as the case without
a re-sending policy. The difference can be seen in the control effort. The
re-sending policy forces the measurements triggered from l−1 and l0 trough.
The losses that occurs from other levels is not re-sent.
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Figure 5.1: Step responses of the even-triggered solution with and without
losses using 0.6 cm interval between the levels.

Figure 5.2: Step responses of the event-triggered solution with and without
re-sending policy using 0.6 cm intervals between the levels. The re-sending
policy is used at levels l−1, l0 and l1.
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5.2 Tracking performance

Figure 5.3a depicts statistics of the tracking performance of the event-triggered
solution with and without packet losses and re-sending policy for different
interval between the levels. As can be expected, the tracking performance de-
creases when the intervals between the levels increase for all the three cases.
Also, the difference between the case where no re-sending policy is used and
the other two cases increases when the intervals get longer. The reason is
that the effect of measurement losses is greater when the time between each
sample becomes longer.

The effect of the re-sending policy gives nearly as good results as the case
with no losses. A slight difference is noticeable when the intervals become
longer. The cause is probably that losses that occur at a distance from the
origin of the control error have a greater effect when the intervals become
longer.

Figure 5.3: Statistics of the performance of the event-triggered solution with
95 percent estimated confidence intervals for an assumed normal distribution.
The statistic shows the mean value over 20 step cycles.
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5.3 Communication cost performance

Figure 5.3b depicts statistics of the communication cost of the event-triggered
solution with and without packet losses and re-sending policy for different in-
terval between the levels. In general, the communication cost increases when
the intervals between the levels decrease. The reason is that with shorter
intervals the step response has to cross more levels than with longer inter-
vals, and therefore triggers more samples. Some choices of interval give the
same amount of triggered samples. The reason is that the number of level
crossings, between the origin of the control error and the points 4 or -4 cm,
are the same. The effect is most apparent when the levels are long. With
shorter levels measurement disturbances and model errors have a greater ef-
fect on the communication cost.

The effect of the measurement losses can clearly be seen. The communi-
cation cost increases when the control algorithm does not have sufficient
information about the state in order to control the state’s . The effect of the
re-sending policy is also an increased communication cost. The increase is
larger than the extra samples that are triggered in the case with no redun-
dancy.

5.4 Overall performance

Figure (5.4a) depicts statistics of the overall performance for the event-
triggered solution. Here, the quality of control from figure 5.3a is plotted
against the communication cost - normalized with time - of figure 5.3b. The
figure represents the tradeoff between quality of control and communication
cost for different interval between the levels. The results are a bit incon-
clusive in the comparison between the cases with and without a re-sending
policy. The case where no re-sending policy is used seems to give a slight
better performance.

Figure (5.4b) depicts statistics of the overall performance for the event-
triggered solution and the PID solution. It can be seen that at some sampling
rates the PID solution has the advantage and at other sampling rates the
event-triggered solution has the advantage. When the event-triggered solu-
tion uses the re-sending policy the performance is deteriorated compared to
when no losses occur.

Figure 5.5 depicts the performance when the step response is divided into
one part where state moves through the state space and one where the state
is constant. The split is made 5 seconds into every step response. It can be

34



Figure 5.4: a) Statistics of the overall performance of the event-triggered
solution. b) Statistics of the overall performance of the event-triggered solu-
tion compared to the PID solution. Both graphs have 95 percent estimated
confidence intervals for an assumed normal distribution. The statistic shows
the mean value over 20 step cycles.
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Figure 5.5: a) Statistics of the performance of the event-triggered solution
compared to the PID solution in the 5 first seconds of every step. b) Statis-
tics of the performance of the event-triggered solution compared to the PID
solution in the 5 last seconds of every step. Both graphs have 95 percent esti-
mated confidence intervals for an assumed normal distribution. The statistic
shows the mean value over 20 step cycles.

seen that the event-triggered solution is more efficient than the PID solution
when the state is steady. It can also be seen that packet losses and the use
of the re-sending policy make the event-triggered solution less efficient when
the state moves compared to when it is steady.

5.5 Conclusions

In the case without measurement losses, the event-triggered solution gives
almost the same performance as the PID solution. When the reference signal
changes often the PID solution will have an advantage. On the other hand,
when the reference signal changes more rarely the event-triggered solution
will have an advantage. The result of the comparison of the two solutions
is highly dependent on the choice of reference signal used. It is therefore a
fundamental problem of conducting such comparison in a general case. In
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a specific case, when the reference signal is predetermined, such comparison
would be simple to implement.

It can be noticed that in this work the level-triggered solution uses levels
that are uniformly distributed. By choosing other sets of levels, e.g. lev-
els that are distributed in a logarithmic way, it can be assumed that the
performance will increase.

Another aspect of the performance of the event-triggered solution is that
it is a nonlinear control solution. In some cases the choice of control effort
is solely based upon the model of the plant and not on measurement of the
state. By deriving a finer model the performance of the solution can be in-
creased.

When the event-triggered solution is exposed to a high rate of measure-
ment losses, and no re-sending policy is used, both the quality of control
and the communication cost deteriorate. With the use of re-sending policy
the quality of control is restored, but the communication cost is deteriorated
even more. In most controlled systems a reasonable quality of control has to
be maintained. With the use of a re-sending policy this can be accomplished.
The effect of not using compensation for measurement losses is that a certain
level in the quality of control cannot be guaranteed. In the comparison that
is presented in this work equal amount of weight has been put on the quality
of control and on the communication cost. A more realistic cost function
should, perhaps, put more emphasis on the solution’s ability to maintain
a high quality of control than on the communication cost. With such cost
function the re-sending policy would perform better.

Another important aspect is how the redundancy solution would performance
against other redundancy solutions. If, for example, all samples where to be
re-sent the communication cost would increase significantly, but the quality
of control would only be able to increase insignificantly. Hence, this solution,
where samples are re-sent from levels l−1, l0 and l1, yields a more optimal
solutions.

If samples where to be re-sent from l0 only the communication cost would
decrease and, perhaps, the performance would increase. The drawback would
be that the invariance of the subset [l−1, l1] would be lost, which would have
negative effects on the control of the state.

It is possible to conclude that event-triggered sampling and control is a fea-
sible solution when the communication link, between sensor and computer,
is exposed to measurement losses. It is also reasonable to conclude that this
holds for other plants with similar behavior and properties as the water tank
plant. It is easy to imagine that an event-triggered solution will perform
better than a deterministic solution in specific cases. In those cases it is
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therefore more optimal, in the tradeoff between low communication cost and
high quality of control, to choose an event-triggered solution.
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Chapter 6

Future directions

An important issue regarding the use of event-triggered sampling and control
is how the performance is affect by various data link communication stan-
dards. In particular how the standard’s medium access technology affects the
performance of the control.

A commonly used medium access technology is the Time division multi-
ple access (TDMA). It divides the available transmission time into cyclic
pattern of frames. Each frame is divided into time slots, in which each com-
municator of the network is represented. In this way each communicator is
guaranteed scheduled transmission time within each frame.

The benefits of using TDMA - when using a deterministic sampling
scheme - is obvious. Since each sample is predetermined the sampling in-
stants of an sensor can be fitted to its time slot, hence any delays can be
minimized.

With the use of event-triggered sampling in a TDMA environment the
same fitting of sampling instances to time slots can not be done, because
the event-triggered sampling is not predetermined. The effect of the TDMA
would be that when samples are generated the sensors would have to wait
to send them until the right time slot arrives. The introduced delays could
become a problem for the control of the system.

An alternative medium access technology - that is more interesting for the
event-triggered case - is a contention based technology. Whenever a sample
is generated the sensor have to contend with the other actors of the network
for a time slot to transmit. If another actor is sending at the time the sensor
have to wait until the medium becomes available. This technology could
possibly work better than the if the TDMA was used.

A future direction would be to evaluate if the contention based technology
could perform better than than the TDMA in an event-triggered sampled
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and controlled system. Other medium access technologies could also be con-
sidered.
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