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Abstract

Non-periodic sampling schemes for control
applications

Tommy Norgren and Jonathan Styrud

In recent years, research in the field of automation has been advancing quickly in the
direction of wireless networks of sensors and actuators. This development has
introduced a need to reduce the amount of communication. A number of different
alternative schemes have been proposed. They are usually divided into
event-triggered schemes and self-triggered ones.

The main purpose of this Master's thesis was to further develop and evaluate these
sampling schemes, focusing on their needed communication. The effect on control
performance by the different schemes was also taken into account. 
Because of the difficulty in performing a theoretical comparison, the thesis focused on
evaluating the schemes in simulations and in experiments on real industrial processes.

The results indicate that simply using a slower periodic scheme may reduce as much
communication without losing much performance as the more flexible schemes. This
would imply that investing further into the other schemes may be of waste. However,
using an event-triggered scheme with improvements introduced in this report may
offer some advantages when it comes to performance and simplicity in setup. Maybe
more importantly, it is safer during rapidly changing conditions, which also makes it
very unlikely that a slow periodic sampler would ever be implemented on a real
system. The results in general are very positive with communication reductions of
over 90% when using a well tuned base sampling interval and over 99% when the
comparison is made to current implementations in the industry, all without significant
loss of performance.
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Chapter 1

Introduction

In recent years, research in the field of automation has been advancing quickly
in the direction of wireless networks of sensors and actuators. This development
has introduced a number of new issues that have yet to be dealt with properly.
One of the largest issues is the need to reduce the amount of communication.
Partly because of the lower bandwidth allowed by wireless networks compared to
wired networks, but also because of battery consumption. The latter of course
since one of the large advantages with wireless networks is the mobility and
flexibility, which is partly lost if the units have to be connected to the power
grid.

The traditionally used sampling method is to simply sample periodically with
some sampling inverval h. This sampling scheme cannot be optimal as it will
sample as often when the states are close to the setpoint as when the control
error is large. Moreover, in practice a default value of the sampling interval
is often used, typically resulting in much shorter h than needed and thereby
more communication. A number of different alternative schemes have been
proposed. They can be divided into two main groups: event-triggered schemes
and self-triggered ones. The event-triggered schemes send packets in the case of
some event, usually defined as a degree of change in the control error, or as the
control error crossing some threshold. The self-triggered schemes precalculate
the time to the next sample as some function of system dynamics and the current
measurement, determining the longest possible sampling interval ensuring some
condition of stability or performance.

The main purpose of this Master’s thesis is to further develop and evaluate a
number of different sampling schemes, focusing on their needed communication.
The effect on control performance by the different schemes is also taken into
account. The effect on battery consumption is difficult to study since there is
no standard as to how these new sampling schemes would be implemented in a
wireless network and is therefore left out. Because of the difficulty in perform-
ing a theoretical comparison, the thesis focuses on evaluating the schemes in
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Figure 1.1: A concept image showing the principle of wireless control.

simulations and later in experiments on real industrial processes. The system
structure that has been focused on is the one shown in Figure 1.1, where the
connection between the sensor and the controller is wireless while the connec-
tion to the actuator is wired. The ultimate aim is to give a recommendation as
to which of the schemes to pursue most intensely in future research.
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Chapter 2

Theory

2.1 Controller

The work in this thesis is mainly focused on systems with PID-controllers.
Therefore it is necessary to describe the properties of different PID-controllers
and how they are tuned.

2.1.1 PID-tuning

Within control theory there are many different ways to control processes. The
most common controller is the PID-controller which is defined as

u(t) = Kc(e(t) +
1

Ti

∫ t

0

e(τ)dτ + Td
de(t)

dt
) (2.1)

where u(t) is the system input and e(t) is the control error defined as

e(t) = r(t)− y(t) (2.2)

where y(t) is the measured system output and r(t) is the reference signal (set-
point). The control parameters Kc, Ti and Td can be set in many different ways.
One common way to set the control parameters within the paper industry for
the PI-part of the controller is to use Lambda-tuning [1]. The D-part will then
have to be tuned separately, but we will not describe that here since all sys-
tems in this report only use the PI-part. This method can be used for stable
first-order systems and for time delayed integrating processes. The main idea
behind the Lambda-tuning technique is to have the numerator of the controller
cancel the denominator of the process model, which results in the closed-loop
system

Gc(s) =
e−sL

λs+ 1
(2.3)

with unit gain and where λ becomes the closed-loop system time constant.
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The stable first order system with time delay is often refereed to as a KLT-
process where the open-loop transfer function is defined as

G(s) =
K

Ts+ 1
e−sL (2.4)

where K, L and T are process constants known as the process gain, dead time
and time constant. With this process model the Lambda-tuning technique is
defined as setting the control parameters for the PI-controller to

Kc =
T

K(λ+ L)
(2.5)

Ti = T (2.6)

so that the closed-loop system time constant becomes a chosen variable λ. In
the derivations the time delay

e−sL ≈ 1− sL (2.7)

which is valid for small L.

For a time delayed integrating process with open-loop transfer function

G(s) =
K

s
e−sL (2.8)

the control parameters cannot be chosen so the closed-loop transfer function
becomes as in (2.3). Therefore an approximation has to be made as well as for
the time delay stated above. The parameters are chosen to

Kc =
2λ+ L

K(λ+ L)2
(2.9)

Ti = 2λ+ L (2.10)

so that the closed-loop transfer function becomes

Gc(s) =
(2λ+ L)s+ 1

(λs+ 1)2
e−sL (2.11)

2.1.2 Discrete PID-controller

By using the definition of the continuous PID-controller, defined in (2.1), a
discrete version of the PID controller can be derived. The derivative can be
approximated using Euler backward as u̇(t) = [u(k) − u(k − 1)]/h, where k is
an index integer of the sampling instance and h is the sampling interval of the
controller. The right rectangular method is used to approximate the integral
as is illustrated in Figure 2.1. If the control error e(t) is sampled it can be
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described as a discrete signal where e(k) = e(tk), which results in the update
formula

u(k) = Kc[p(k) +
1

Ti
i(k) + Tdd(k)] (2.12)

where

p(k) = e(k)

i(k) = i(k − 1) + he(k)

d(k) =
1

h
[e(k)− e(k − 1)]

Figure 2.1: A concept image showing right rectangular discrete integral approx-
imation where the striped region is the approximation and the red region is the
true integral. The black dots represent the sample points.

A problem with using pure derivative control action is that it will amplify
high frequency noise and it is therefore not used. To solve this, the output of
the system is low-pass filtered with (1+sTd/N)−1, where N is the filter variable.
The resulting cutoff frequency of the filter will be equal to Td/N . According
to [2] N is most commonly chosen in the interval [8 16]. The resulting update
algorithm for d(hk) in (2.12) is

d(k) =
Td

hN + Td
d(k − 1) +

N

hN + Td
(e(k)− e(k − 1)) (2.13)

When a discrete reference signal is changed, the proportional part of the
controller may give a large addition to the control signal. This is undesired in
some cases because it may damage the actuator or the system might overshoot.
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A common way to remove this problem is to introduce a beta-factor which gives
the update of the proportional state as

p(k) = βr(k)− y(k) (2.14)

where β ∈ [0, 1]. If β = 1, it simply becomes the regular controller. With lower
β, changes in r affect u slower and for β = 0, r only comes in through the
integral part.

2.1.3 Stability analysis of a continuous system with dis-
crete controller

Define a continuous SISO system G described as

ẋp(t) = Apxp(t) + Bpu(t)
y(t) = Cpxp(t)

(2.15)

where u(t) is the control signal and y(t) is the output of the system. If the
system is controlled with a discrete controller described in state space form as

xc(k + 1) = Acxc(k) + Bce(k)
u(k) = Ccxc(k)

(2.16)

with discrete index k and input signal e(k) = r(k)−y(k) where u(k) is constant
between sample. Then the system will, according to [3], be stable for a system
with periodic sampling interval h as long as the set of eigenvalues σ(Ah) ⊂
{|λ| < 1}, where {|λ| < 1} describes the open unit disc and

Āh =

[
eAph

∫ h
0
eApτdτBpCc

−BcCp Ac

]
(2.17)

With this definition it can be guaranteed that the closed-loop system will be
stable if h ∈ [0, ρ] where ρ ∈ R+ if and only if the closed-loop system is stable for
the continuous controller. This theory can only be applied to controllers that are
strictly causal. This means that u(k) does not depend on e(k) which the discrete
PI-controller does according to (2.12). One option is to include an anti-aliasing
filter so that the filter together with the controller is casual, and the strict casual
condition is fulfilled. But as an anti-aliasing filter normally is implemented in
a sampled data system there is no need to include the filter calculation in the
following derivations. This anti-aliasing filter will only have a negligible effect on
the analysis but could, if needed, be included in the description of the discrete
controller. The theory can easily be extended to a general description of the
discrete controller with state space form, if it is assumed that the controller
with the filter is casual, as

xc(k + 1) = Acxc(k) + Bce(k)
u(k) = Ccxc(k) + Dce(k)

(2.18)
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To find the new definition of Āh the discrete version of G has to be defined for
a sampling interval h. If it is assumed that no disturbances affect G between
two samples and that the control signal is kept constant the system (2.15) is
exactly discretized[4] as

xp(k + 1) = Ãp,hxp(k) + B̃p,hu(k)

y(k) = C̃p,hxp(k)
(2.19)

where the state space matrices are defined as

Ãp,h = eAph

B̃p,h =
∫ h
0
eApτBpdτ

C̃p,h = Cp

These two systems, (2.18) and (2.19), can be represented as a closed-loop system
with state vector x̃ = [xp xc]

T which gives the extended definition of Āh as

x̃(k + 1) =

[
Ãp,hxp(k) + B̃p,hu(k)

Acxc(k) + Bc(r(k)− y(k))

]
=

[
Ãp,hxp(k) + B̃p,h(Ccxc(k) + Dc(r(k)− C̃p,hxp(k)))

Acxc(k) + Bc(r(k)− C̃p,hxp(k))

]

=

[
Ãp,h − B̃p,hDcC̃p,h B̃p,hCc

−BcC̃p,h Ac

]
x̃(k) +

[
B̃p,hDc

Bc

]
r(k)

and

Āeh ,

[
Ãp,h − B̃p,hDcC̃p,h B̃p,hCc

−BcC̃p,h Ac

]
(2.20)

where the same stability criterion is valid, i.e. the set of eigenvalues σ(Āeh) ⊂
{|λ| < 1}.

The presented stability criterion only considers a controller that updates the
control signal periodically with sampling interval h. When an event or self-
triggered scheme is used, a conjecture is that the system will be stable if the
maximal allowed sampling interval is chosen so that σ(Āeh) ⊂ {|λ| < 1} but
nothing can be said if the stability criterion is not fulfilled.

2.2 PID-controller for non-uniform sampling in-
terval

Consider what would happen if a periodic controller with sampling interval h
in (2.12) stopped receiving data until i samples later but continued to update
the control signal u with last known value of y. When the controller receives
data again it may see it as a big change of the measurement signal y in a
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short time and thereby a large derivative, if ∆y is large relative to h, even
though the change occurred during a time of ih. The derivative part of the
controller will then set a larger control signal than it is supposed to and stability
can no longer be guaranteed. To avoid this problem the actual time between
samples hk = tk − tk−1 could be used instead of h in (2.12) where k represents
the instance where the controller receives a sample. A conjecture is that the
system will always be stable if hk fulfills the criterion σ(Āehk

) ⊂ {|λ| < 1}
and if no disturbances affect the system. This solution solves the problem of
large derivatives but introduces a new problem in the integrating part[3], since
the integral update in (2.12) uses a right rectangular algorithm as shown in
Figure 2.1. Now, let the time used in the integral update in the controller be
denoted by hint. Then if hint = hk, the integral grows indefinitely as hk increases
with i, independently of the true value of the integral, which, of course, is not
acceptable. The remainder of this section is devoted to different solutions to
this problem.

2.2.1 Limited integral update using pole placement

The relation between hint, Kc and Ti in the integral update algorithm (2.12)
opens for an interesting angle of approach where Kc and Ti can be varied de-
pending on the actual hk. To limit the integral update by varying Kc and
Ti online, based on the previous sampling interval hk, is very similar to gain
scheduling. Gain scheduling is a method that changes the control parameters
based on some variable of the control system which in this case is the sampling
interval. To be able to implement such a solution in the controller, a bumpless
transfer algorithm [2] has to be implemented or the update algorithm in (2.12)
has to be modified. A now proposed change is to instead implement the PI part
of the controller as

u(k) = Kc(k)p(k) + i(k) (2.21)

where

i(k) = i(k − 1) +
Kc(k)hint
Ti(k)

e(k)

When a change in Kc or Ti occurs, only the new addition to the integral will be
affected and the dynamics of the controller are unchanged.

One way to choose the criterion for calculating Kc and Ti is to say that the
closed-loop gain Gc for sampling interval hk should be chosen to be similar to
or exactly the same as the closed-loop gain for the smallest sampling interval
h. The reason this is desirable is because the behavior of the controller with
sampling interval h is known and the controller is also designed for that sampling
interval. One way of approximating this is with pole placement 1 where the poles

1In this context poles cannot be thought of in the traditional way as the system becomes
time variant when the sampling time is allowed to change over a finite time. However, with
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of Gc(hk) should be the same as for Gc(h). There is an obvious problem with
this method as it does not consider the numerator polynomial of the closed-loop
transfer function, which could result in a non-optimal Kc and Ti.

The closed-loop transfer function is defined as Gc = G0/(1 +G0) where G0 is
defined as the product of the system G and the controller F . The PI-controller
presented in (2.21) can be described in state space form as

xc(k + 1) = xc(k) + hintKc

Ti
e(k)

u(k) = xc(k) + [Kc + hintKc

Ti
]e(k)

(2.22)

By using hint = hk and transforming (2.22) using the Z-transform the controller
can be described by

F (z, hk) =Z[u(k)](z) =
hkKc

Ti

1

z − 1
+Kc +

hkKc

Ti

=
Kc[

hk

Ti
+ 1]z −Kc

z − 1
(2.23)

Notice that the derived controller is not the only one that can be used to define
the open-loop transfer function. Any controller that can be defined in the Z-
domain can be used. The system G in (2.19) can in the Z-domain be described
as

G(z, hk) = C̃p,hk
[zI− Ãp,hk

]−1B̃p,hk
(2.24)

where the Ãp,hk
, B̃p,hk

and C̃p,hk
matrices are defined in (2.19). Using these

results the open-loop transfer function can be written as

G0(z, hk) =
Kc[

hk

Ti
+ 1]z −Kc

z − 1
C̃p,hk

[zI− Ãp,hk
]−1B̃p,hk

(2.25)

The poles p1 ... pn+1, where n is the order of the system G, are defined as the
roots of the denominator polynomial of Gc(z). The poles of Gc(z, hk) should
be placed as close as possible to the poles of Gc(z, h). But for the poles to
be comparable, the poles of Gc(z, h) first have to be transformed so that they
are represented with the same sampling interval. This can be done by using
the definition of the Z-transform for a continuous-time system sampled with
sampling interval hk

zhk
= ehk·s (2.26)

With this, z can be mapped from sampling interval h to hk by going from the
Z-domain to the L-domain and back again. The mapping from h to hk becomes

zhk
= ehk·s = ehk·

ln zh
h = [zh]

hk
h (2.27)

some abuse of language, we shall still use the term poles for the system sampled with sampling
interval hk but it will then refer to a transfer function representing the instantaneous dynamics.
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This information can be used to define a minimization problem. As mentioned
before the poles should be placed as close as possible to the system with the
smallest sampling interval. This results in a double minimization problem where
for each pole, what pole of Gc(z, h) that corresponds to the pole of Gc(z, hk)
needs to be found. From there the Kc and Ti that minimizes the total distance
between the pole pairs has to be found as well. If the poles of Gc(z, h) are
denoted by p̃1 ... p̃n+1 and p1 ... pn+1 denotes the poles for Gc(z, hk), the solution
is

min
Ti,Kc

n+1∑
j=1

σj min
i

((Re(pj)−Re(p̃hk/h
i ))2 + (Im(pj)− Im(p̃

hk/h
i ))2) (2.28)

where σj is a weight function chosen so that the poles close to the unit circle get
higher priority. The problem with this method is that it can be quite difficult to
find the optimal Kc and Ti for non-SISO systems. For SISO-systems, however,
it is much more trivial and we have the following result.

Theorem 1. For a first order SISO system, the poles of the closed-loop system
with sampling interval hk can be placed so that they are identical to the poles for
a closed-loop system with fixed sampling interval h if the system is controllable
and observable. This can be accomplished by selecting Kc and Ti online as

Kc(hk) =
β − α2 + Ãp,hk

B̃p,hk

(2.29)

and

Ti(hk) = hk[
Ãp,hk

+ 1− 2α

B̃p,hk
Kc(hk)

− 1]−1 (2.30)

where α and β are variables used to identify the poles of the closed-loop system
with sampling interval h after they have been mapped to sampling interval hk
using (2.27). The poles of the system are either complex conjugated or real and
can be described as p1, 2 = α±

√
β where α, β ∈ R.

Proof. Since the eigenvalues of Āehk
, described in Section 2.1.3, are equal to the

poles of the closed-loop system with sampling interval hk, by validating that
the eigenvalues of Āehk

are the same as α ±
√
β, it is proven that the poles of

the two systems are identical if it is assumed that C̃p,hk
is one. The eigenvalues

are given by the roots to
det pI− Āehk

= 0

where

Āehk
=

[
Ãp,hk

− B̃p,hk
Dc B̃p,hk

Cc

−Bc Ac

]
By using the state space description of the controller described in (2.22) and re-
placing the control parameters, Ti and Kc, with the sampling interval dependent
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parameters, described in Theorem 1, the matrix Āehk
can be rewritten as

Āehk
=

[
Ãp,hk

− B̃p,hk
Dc B̃p,hk

Cc

−Bc Ac

]
=

[
Ãp,hk

− B̃p,hk
Kc(hk)(1 + hint

Ti(hk)
) B̃p,hk

−hint Kc(hk)
Ti(hk)

1

]

=

Ãp,hk
− (β − α2 + Ãp,hk

)(1 + 1−2α+α2−β
β−α2+Ãp,hk

) B̃p,hk

− 1−2α+α2−β
B̃p,hk

1


=

[
2α− 1 B̃p,hk

− 1−2α+α2−β
B̃p,hk

1

]

As described above the eigenvalues are given by the roots to the second degree
polynomial

det

[
p− 2α+ 1 −B̃p,hk

1−2α+α2−β
B̃p,hk

p− 1

]
= 0

which is equal to
p2 − 2αp+ α2 − β = 0

The roots to the equation are then

p1, 2 = α±
√
β

which is identical to the poles of the system with minimal sampling interval
h.

Remark 1. When the sampling interval is not time invariant poles cannot be
thought of in the traditional way. However, with some abuse of language, we
shall still use the term ”poles” for the system sampled with sampling interval
hk but it will then refer to a transfer function representing the instantaneous
dynamics.

Remark 2. The stability analysis defined in Section 2.1.3 cannot be used to
prove stability of the presented method as it is based on a time invariant system.
It is likely possible to prove stability but due to time limitation this has not been
done and no other papers dealing with the matter have been found. But according
to simulations, the derived pole placement method seems to give a stable system
for all sampling intervals.

2.2.2 Fixed limit on integral update

A problem with the method described in the previous section is that it may have
an impact on the performance of the system as it will also affect the proportional
part of the controller. If a simple limit hmax is used on hint in the integral
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update, it will solve the problem and the dynamics of the integration would
still be kept in the region where hk ≤ hmax. In the region where hk > hmax
the controller will be slower than without the limitation, which is equal to an
increase in the controller parameter Ti. Finding an optimal or even good hmax
is difficult but a solution will now be proposed.

By using the results from the previous section where control parameters are
updated depending on the previous sampling interval hk, it is possible to limit
the integral but it will also affect the proportional part. If the effect of Kc(hk)
and Ti(hk), presented in (2.29) and (2.30), on the integral update is analyzed,
it is realized that it can instead be seen as a limitation on hint, still using the
constant control parameters Kc and Ti. The used time in the integral update
hint is then defined as

hint = hk
Ti
Kc

Kc(hk)

Ti(hk)
(2.31)

By using the definition of the sampling interval dependent control parameters,
Kc(hk) and Ti(hk), (2.31) is equal to

hint =
Ti
Kc

α2 − β − 2α+ 1

B̃p,hk

(2.32)

where used quantities are defined in previous sections. This will not guarantee
stability as with the limitation of the proportional part but in return it will not
change the control performance in the same way.

Theorem 2. If the Lambda tuning technique is used to define Kc and Ti for
a KLT-process, then the method presented in (2.32) will result in that the time
hint used to update the integral state will approach the closed-loop time constant
λ as the actual sampling time hk → ∞ if the closed loop system is stable for
sampling interval h and has zero time delay.

Proof. If the closed-loop system is stable for sampling interval h , i.e. the poles
p̃1, 2 of Gc(z, h) are within the unit circle. Then the poles 2 are transformed

and become α ±
√
β = p̃

hk/h
1, 2 and when hk → ∞ the poles p̃

hk/h
1, 2 → 0 which

means that α and β are both equal to zero. To prove the theorem stated above
the equation (2.32) needs to be described as a function of hk. Using (2.32) and

replacing the discrete state space description B̃p,hk
with the continuous one,

according to (2.19), the time used in the integral update becomes

hint =
Ti
Kc

α2 − β − 2α+ 1

B̃p,hk

=
Ti
Kc

Ap

Bp

α2 − β − 2α+ 1

ehkAp − 1

2In this context the poles cannot be thought of in the traditional way as the system becomes
time variant when the sampling time is allowed to change. However, we shall regard the system
to be momentarily time invariant and with poles we shall refer to this system as if it would
be truly time invariant.
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The control parameters, defined by Lambda tuning, can be replaced by the
continuous system state space description. But the definition of Kc and Ti,
given in (2.5) and (2.6), uses a KLT-process model instead of the desired state
space description. The conversion from a KLT-process model to a first order
state space description is

K = −Bp

Ap

T = − 1

Ap

which together with the definition of the control parameters gives the used
integral time

hint = λ
Bp

−Ap

Ap

Bp

α2 − β − 2α+ 1

ehkAp − 1

= −λα
2 − β − 2α+ 1

ehkAp − 1

If it is assumed that the system is stable (Ap < 0) and letting hk →∞

lim
hk→∞

hint = −λ1− limhk→∞(α2 − β − 2α)

−1 + limhk→∞ ehkAp
= λ

Theorem 2 can be used to choose the hmax in a simpler fixed limit solution. It
would then be chosen to be the closed-loop system time constant λ or at least a
value of the same order of magnitude. This is illustrated together with the result
when using (2.31) in Figure 2.2 by study a system of first order with K = 2
and T = 0.1 with a lambda-tuned PI-controller with λ = T/4. The limit also
makes intuitive sense as the closed-loop system time constant is closely related
to the time it takes for the process state to rise. If the system is not of first
order it could be difficult to find a good combination of Kc and Ti to place the
poles. Two possible solutions are to instead reduce the model to a first order
system or to estimate the closed-loop system time constant and use that as a
fixed limit of the update of the integral state.

2.2.3 Sensor integration

Another solution to the integration problem will now be proposed. Instead of
integrating the slowly sampled values in the controller, the process measurement
could be integrated more accurately with a much higher frequency in the sensor
and then be sent to the controller together with the measurement. To avoid
having to send the reference signal to the sensor, the reference would still be
integrated in the controller, and the difference between the two integrals would
be used as the integrated control error. A big advantage with this is that it
requires no parameter tuning at all, and the actually used integral value is
much closer to the one for which the controller was tuned.
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Figure 2.2: A concept image describing the different ways of limiting the in-
tegration in the controller. The solid line represents a pure limitation hint ≤
λ = 0.025 and the dashed curve is the resulting hint when using (2.31). The
striped region is forbidden because the integral update in the controller cannot
be slower than when the smallest sampling interval is used and the time used
cannot be greater than the actually elapsed time hk.

2.2.4 Comparison between integral approximation meth-
ods

In Figure 2.3, the results of a simulation of the effect of the different integral
limiting methods are shown. It is apparent that an unlimited integral can
make the control signal unnecessarily strong. The pole placement and fixed
limit techniques on the other hand seem to work similarly to the true integral
(as if integrated in the sensor). The reason why they give a faster response
compared to the true integral technique, is because the approximation error in
the integration results in a larger integral and thereby a stronger control signal.
This is not necessarily desirable because it is essentially the same as choosing
a smaller Ti in the controller, and it is usually tuned to a certain value for a
reason. Even if the example shown in Figure 2.3 is a rather extreme one, there
are many cases where the faster controller will overcompensate with possibly
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devastating results. After all, there are very good reasons why no controllers
are tuned excessively fast, even if they would be quick to remove the effects of
disturbances.

Figure 2.3: Step response simulation for a SISO first order system with a step
system disturbance at t = 15s. The controller does not sample until the output
y = 3.1 and then samples with a fast periodical rate until |y−3| < 0.1 again. The
black curve illustrates the behavior of the system when an unlimited integral
update is used, and the green is with the true integral. The results for the pole
placement technique and the fixed limitation are overlapping and are represented
by the red curve.

2.3 Alternative sampling schemes

The traditional method for sampling control systems is to use periodical sam-
pling. It has the advantages of being simple, predictable and reliable. However,
when there is a limitation in the number of samples allowed, it is most likely
not optimal. To our knowledge, this non-optimality has not yet been ultimately
proved in theory. It is intuitive however that paying more attention, i.e sam-
pling the signals more often, when the system is near some border of instability
or low performance or is changing quickly, should improve the performance.
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To achieve this, there are two main types of schemes: event-triggered and self-
triggered schemes.

2.3.1 Event-triggered schemes

To our knowledge, the first work describing the concept of event-triggered
schemes was done by K.-E. Årzen in 1999 [5]. The basic idea of the event-
triggered schemes is to sample only in the case of an event that jeopardizes
the stability or performance of the system, or both. One of the main problems
with event-triggered schemes is that the receiver will need to listen constantly
to not miss any packets. Since listening consumes about as much power as
transmitting or receiving, this is of course highly battery consuming. It also
blocks one whole communication slot. One possible solution to this is to only
check for events with a certain periodicity. Introducing this periodicity will at
least not put the controller at a lower stability than a periodical sampler with
the same period. All event-triggered schemes mentioned in this report will be of
this periodical event-triggered hybrid type. Another main problem with event-
triggered schemes is that they do not allow for detection of packet losses, as it is
never known beforehand when a packet should arrive. To be able to know that
the network is running at all, samples will have to be sent with some absolute
maximum time between samples. If the controller is listening for more than this
maximum time without receiving a packet, it will know that a packet has been
lost. It is then possible that the network is down and that measures have to be
taken.

Only three basic types of events will be studied in detail. The first is when
the absolute value of the control error e exceeds some threshold ε, that is if

|e(t)| > ε (2.33)

Hence, outside this threshold the sampling scheme will take the form of a uni-
form sampler with some sampling interval h. The concept is illustrated in
Figure 2.4.

Not much theory has been derived on the stability and performance of this
sampling scheme within control theory. Some things can be noted though. It
can be shown that for a small enough threshold the stability will be that of the
uniform sampler with sampling interval h [6]. For a discrete closed-loop SISO
system

xk+1 = axk + wk (2.34)

with the noise wk ∈ W , where W is a set containing the noise, the absolute
value of the state x will be bounded to some xmax where xmax is the boundary
of the system’s minimal robustly positively invariant (mRPI ) set. We know of
no way to calculate the mRPI exactly but an approximation can be calculated
using Algorithm 1 proposed in [7]. The support function hW (a) needed in step
4 and 5 in the algorithm can be calculated as the solution to the linear program
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Figure 2.4: Concept image describing event-triggered sampling with |e| > ε
scheme. The continuous curve shows the process state over time, passing in
and out of the corridor ε. Sampling occurs at times ti . . . ti+4. Up to ti+2 when
the state enters the corridor, the sampling is fast and periodical, but inside the
corridor it is halted.

(LP), maximize aTw subject to sTi w ≤ ri, i = 1, . . . , N , as proposed in [8].
The LP can be solved using the default large-scale solver in MATLAB which is
based on LIPSOL [9]. The Minkowski sum in step 7 can be calculated using the
default operator plus in the Multi Parametric Toolbox 2.6.1 [10] for MATLAB.
For a threshold ε /∈ mRPIset, xmax will grow linearly with increasing ε. The
performance of the system for a certain ε is highly dependent on the process,
noise and controller in question. It is in fact so that a smaller ε does not always
improve performance measures such as integrated squared control error (ISE )
or step response time. This is easily shown by simulating some examples, but
we will not go deeper into that here. Instead we settle with assuming that ”in
general” smaller ε triggers more samples, and the more samples used, the better
the performance. A big drawback with this method is that the reference signal
(setpoint) has to be sent to the sensor. Another possible drawback is that many
of the samples used in the fast periodical sampling outside the corridor are
probably unnecessary. This of course because no intelligence is used to choose
the sampling rate and very fast sampling is used at all times.

The second type of event that is studied in this report, is when the absolute
value of the difference between the current control error ek and the control error
at the last sample ek−1 is larger than some threshold ε. That is

|ek − ek−1| = |∆e| > ε (2.35)
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The concept is illustrated in Figure 2.5. Even less can be said about the theo-
retical properties of this sampling scheme. Again we settle with assuming that
”in general” smaller ε triggers more samples, and the more samples used, the
better the performance. This event type does not require the reference signal to
be sent to the sensor, nor does it have any area outside a corridor with possible
unnecessary sampling. The reason why the reference signal is not needed in the
sensor is because the sensor may just trig on the measurement y instead as

|yk − yk−1| = |∆y|ε (2.36)

and the controller may then make sure that proper action is taken to changes
to the setpoint by updating u, using the new r and the last measurement y.
A possible drawback with this scheme is that for a fairly constant disturbance
sequence, the process may get stuck within some ε-wide corridor at any distance
from r without trigging a sample. To counter this, a varying maximum sampling
interval, scaled inversely with e, can be used. One could then use some process
model to help with the scaling, or do it simply by intuition. Either way, extra
parameters will need to be set, and r will be needed in sensor. Another possible
fix, not needing r in the sensor, is to have a sticking detection algorithm in
the controller. Such an algorithm is proposed in Section 2.4. Most disturbance
sequences will however vary enough for these fixes not to be needed.

e

tti

ε

ε

ε

ε

ti+2ti+1 ti+3

Figure 2.5: Concept image describing event-triggered sampling with |∆e| > ε
scheme. The continuous curve shows the process state over time, passing levels
ε. Sampling occurs at times ti . . . ti+3. Samples are triggered every time the
state has changed more than ε since the last sample.

The third type of event is basically the same as the second type, with a small
addition. The threshold ε is scaled with e so that it may be larger or smaller
depending on the current size of e. It is not entirely obvious whether ε should be
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proportional or inversely proportional to e. A proportional ε makes sense as as
more fine tuned control should be needed when the process state is approaching
the reference r. When the state is far from r the desired action is simply to
move as fast as possible towards r anyway. An inversely proportional ε makes
sense because more attention should have to be paid to the system when it is
far from r. Just like the first type, this third type of event does require r to be
sent to the sensor. It also needs a total of two parameters to be tuned, which is
an extra disadvantage, since more effort will have to be put into the setup.

2.3.2 Self-triggered schemes

The self-triggered schemes do not have the same level of built in robustness
as the event-triggered schemes. Since they are only measuring the system when
they sample, they have to be fundamentally more conservative with the sam-
pling intervals to be able to react to disturbances in time. They also have the
drawback of needing both a process model and the reference signal r in the
sensor. In this report two different self-triggered schemes will be investigated.

The derivation of the first self-triggered scheme is essentially following the
enhanced method proposed in [11], extended with a disturbance and a system
delay, and with a small correction on how the discrete controller holds the control
signal. Consider the first order system

ẋp = axp + b(u+ d) (2.37)

where xp is the plant state, u is the control signal, and d is a disturbance acting
on the input. a and b are system constants. It is assumed that xp can be
measured directly. The system is controlled with a PI-controller

u = Kixc +Kp(r − xp) (2.38)

ẋc = r − xp (2.39)

where xc becomes the integrated control error, r is the reference signal, and
Ki and Kp are the controller parameters. For simplicity it is assumed that the
disturbance is constant. The closed-loop system then has an equilibrium point
in

x̄ =
[
x̄p x̄c

]T
=
[
r −a/(bKi)r − d/Ki

]T
(2.40)

To easier study the system, it can be translated by x̃ = x− x̄ so that the origin
is the equilibrium point and the closed-loop system becomes

˙̃xp = ax̃p + b(Kix̃c −Kpx̃p)
˙̃xc = −x̃p

(2.41)

The system is controlled by a discrete controller so u is sampled and held at
t = tk. A delay τ is introduced on the input, and it is assumed that τ is smaller
than the smallest possible sampling interval. The variable ẽp,k = x̃p,k − x̃p is
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defined as the difference between our last measured xp,k and the current xp.
This function will naturally be reset to zero at every measurement time tk. By
doing this (2.41) can be rewritten as

˙̃xp = (a− bKp)x̃p + b(Kix̃c,k−1 −Kpẽp,k−1), t ∈ [tk, tk + τ)
˙̃xp = (a− bKp)x̃p + b(Kix̃c,k −Kpẽp,k), t ≥ τ
˙̃xc = −x̃p

(2.42)

Of course, xc will have to be approximated in discrete time, but here it is
assumed that the approximation is close to its true value. By observing that
˙̃ep,k = − ˙̃xp the result is

˙̃ep,k =− (a− bKp)(x̃p,k − ẽp,k) + bKpẽp,k−1 − bKix̃c,k−1

=(a− bKp)ẽp,k + bKp(x̃p,k−1 − x̃p)− (a− bKp)x̃p,k − bKix̃c,k−1

=(a− bKp)ẽp,k + bKp(x̃p,k−1 − x̃p,k + ẽp,k)− (a− bKp)x̃p,k − bKix̃c,k−1

=aẽp,k + bKpx̃p,k−1 − ax̃p,k − bKix̃c,k−1 (2.43)

for t∈ [tk, tk + τ), and

˙̃ep,k = −(a− bKp)(x̃p,k − ẽp,k) + bKpẽp,k − bKix̃c,k

= aẽp,k − (a− bKp)x̃p,k − bKix̃c,k (2.44)

for t ≥ tk + τ . By solving this set of differential equations for ẽp,k(tk) = 0

ẽp,k(t) =
bKpx̃p,k−1 − ax̃p,k − bKix̃c,k−1

a
(ea(t−tk) − 1) (2.45)

for t∈ [tk, tk + τ), and

ẽp,k(t) =
(−a+ bKp)x̃p,k − bKix̃c,k

a
(ea(t−tk−τ) − 1)

+
bKpx̃p,k−1 − ax̃p,k − bKix̃c,k−1

a
(eaτ − 1)ea(t−tk−τ) (2.46)

for , t ≥ tk + τ .

Now, the controller only has access to xc and not x̃c = xc + a/(bKi)r+ d/Ki.
The reason of course being that the disturbance d is not known. If a disturbance
observer is used, all deviations from xc = −a/(bKi)r can be viewed as due
to the disturbance. In other words, the best guess at time t is that xc =
−a/(bKi)r − d/Ki ⇒ x̃c = 0. This is a rough estimation that is only really
valid when the system is in steady state. With a varying d this may not ever
be the case. This issue is more properly addressed in the second type of self-
triggered scheme described in this report. For now, the approximation suggested
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above is used and the result is

ẽp,k(t) =
(−a+ bKp)x̃p,k

a
(ea(t−tk−τ) − 1)

+
bKpx̃p,k−1 − ax̃p,k

a
(eaτ − 1)ea(t−tk−τ)

=(1− bKp

a
)x̃p,k + ea(t−tk)(

bKp

a
(x̃p,k−1 +

x̃p,k − x̃p,k−1
eaτ

)− x̃p,k) (2.47)

Finally, a sample will be triggered whenever |ẽp,k(t)| grows to some ε, that is
when∣∣∣∣(1− bKp

a
)x̃p,k + ea(t−tk)(

bKp

a
(x̃p,k−1 +

x̃p,k − x̃p,k−1
eaτ

)− x̃p,k)

∣∣∣∣ = ε (2.48)

This equation has to be solved numerically for t− tk using some algorithm, for
example the secant method [12]. However, if it is assumed that the system is

stable, so that a < 0 and 1− bKp

a > 0, and that τ = 0, (2.48) can be simplified
to

(1− ea(t−tk))(1− bKp

a
)|x̃p,k| = ε (2.49)

From this, the time hk+1 to the next sample can be extracted as

hk+1 = t− tk =
1

a
ln

(
1− ε

(1− bKp

a )|x̃p,k|

)
(2.50)

As described in Section 2.1.2, a common practice in implementations with
discrete reference signals r, typically when set manually by the operator, is to
introduce a factor β ∈ [0, 1] so that (2.38) above becomes

u = Kixc +Kp(βr − xp) (2.51)

Then by again following the steps above, (2.50) becomes

hk+1 = t− tk =
1

a
ln

(
1− ε

|(1− bKp

a )xp,k − (1− βbKp

a )rk|

)
(2.52)

If the process in purely integrating so that a = 0, the solution of the differ-
ential equations is different and the final result becomes

hk+1 = t− tk =
ε

|bKpxp,k − βbKprk|
(2.53)

A drawback with this particular type of self-triggered scheme is that it will
give long sampling intervals when the current control error is close to zero, even
if the process is only about to pass by and overshoot.

21



In the derivation of the second type of self-triggered scheme, a slightly different
but very similar angle of approach will be shown. By using the theory for
sampled systems, the problem is easier to solve and no differential equations are
needed. Also by assuming that the delay τ is not known and thereby considered
an imperfection, the derivations become a lot simpler. It is however easy to
include it if needed, analogously with the derivation of the first scheme. Note
that these are only changes in methodology, not giving any different results from
the one used above. The main idea of the second type of scheme is to estimate
the disturbance d by studying the effect on the system by the control signal uk
used since the last sample. The disturbance is typically resembling integrated
white noise, not changing too rapidly between samples, and the best guess at a
given point being that it has remained constant. The sampled system is given
by

xk+1 = ãk+1xk + b̃k+1(uk + d) (2.54)

where ã and b̃ are the discrete system constants given by

ãk = eahk (2.55)

b̃k =
b

a
(eahk − 1) (2.56)

where hk is the time between samples k and k−1, and a and b are the continuous
system constants. Analogously

xk = ãkxk−1 + b̃k(uk−1 + d) (2.57)

from which d can be extracted as

d =
xk − ãkxk−1

b̃k
− uk−1 (2.58)

By inserting (2.58) into (2.54) the result is

xk+1 = ãk+1xk + b̃k+1(uk − uk−1 +
xk − ãkxk−1

b̃k
) (2.59)

A sample will be triggered when |xk+1 − xk| grows to some ε, that is when

|xk+1 − xk| =
∣∣∣∣ ba (eahk+1 − 1)(uk − uk−1 +

xk − ãkxk−1
b̃k

) + (eahk+1 − 1)xk

∣∣∣∣ = ε

(2.60)
which, if a < 0, can be simplified to

(1− eahk+1)

∣∣∣∣ ba (uk − uk−1 +
xk − ãkxk−1

b̃k
) + xk

∣∣∣∣ = ε (2.61)

from which the time hk+1 to the next sample can finally be extracted as

hk+1 =
1

a
ln

1− ε

| ba (uk − uk−1 + xk−ãkxk−1

b̃k
) + xk|

 (2.62)
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For a purely integrating process with a = 0, (2.62) becomes

hk+1 =
ε

|b(uk − uk−1 + xk−xk−1

bhk
)|

(2.63)

An additional benefit with this scheme is that it can recognize when the
system is about to overshoot and give shorter sampling intervals, even if the
state is close to the reference. Another advantage is that no assumption is
made of a specific controller type.

2.3.3 Summary of the different sampling schemes

A summary of the different sampling schemes and their pros and cons can be
seen in Table 2.1. Considering only this table, the second type of event-triggered
scheme with |∆e| > ε would be the one with the least drawbacks. However, as
the two very important concepts of control performance and communication are
not included, since they will have to be evaluated in simulation, it is not evident
that it will be the preferred scheme in the end.
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Scheme Pros Cons
Periodic Simple, less parameters,

well founded theory
May waste samples, blind
between samples

Event-triggered
type one
|e| > ε without
periodicity

May save samples Cannot detect packet loss,
has to listen continuously,
blocks a whole channel,
has to send r to the sensor,
may waste samples out-
side the corridor

Event-triggered
type two
|∆e| > ε without
periodicity

May save samples Cannot detect packet loss,
has to listen continuously,
blocks a whole channel

Event-triggered
type one |e| > ε

May save samples Cannot detect packet loss,
unnecessary listening, has
to send r to the sensor,
may waste samples out-
side the corridor

Event-triggered
type two |∆e| > ε

May save samples Cannot detect packet loss,
unnecessary listening

Event-triggered
type three
|∆e| > ε
with variable ε

May save samples Cannot detect packet loss,
unnecessary listening, has
to send r to the sensor,
most parameters of all

Self-triggered
type one without
disturbance
estimation

May save samples Blind between samples,
has to be more careful,
needs a process model in
the sensor, has to send
r to the sensor, possibly
too long sampling inter-
vals during overshoot

Self-triggered
type two with
disturbance
estimation

May save samples Blind between samples,
has to be more careful,
needs a process model in
the sensor, needs u or a
controller model and r in
the sensor

Table 2.1: Summary of the different sampling schemes and their pros and cons
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2.4 Anti-sticking algorithm

As mentioned in Section 2.3.1, event-triggered schemes using |∆e| > ε has the
potential risk of getting stuck. The reason is simply that a stronger control
signal may be needed to move the process state and thereby trigging a sample,
and the control signal will not be changed until the arrival of a new sample. An
anti-sticking algorithm for these event-triggered schemes will now be proposed.
Define a time

t > δλ
ε

|e|
(2.64)

where λ is the time constant of the closed-loop system, ε is the size of the
corridor in the event-triggered scheme, e is the control error, and δ is a variable
typically in the interval δ ∈ [1, 3], ensuring that the anti-sticking updates are
not unnecessarily frequent. If more than t has passed since the last sample, the
controller should recognize that the sensor is stuck and update the integral part
of the controller with the last known measurement, giving new stronger control
signals to the actuator until a new sample is received. An example simulation is
shown in Figure 2.6. Note that once |e| < ε, no new samples should be triggered
using the anti-sticking algorithm.

Figure 2.6: Simulation showing the effect of the anti-sticking algorithm. The
dashed curve is the progression of the process state without the anti-sticking
algorithm, and the continuous curve is when using the anti-sticking algorithm.
The reference signal is the dotted line at r = 3, ε = 0.1 and δ = 2. The areas
where the anti-sticking algorithm is in effect are encircled.
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2.5 Adaptive thresholds

The problem of choosing ε in any of the sampling methods mentioned above is
not trivial. In the event-triggered cases it is important that ε is high enough so
that the sensor does not sample more than necessary because of measurement
noise. Besides that, several others things should be taken into account, mainly
the properties of the disturbance and the desired communication reduction and
performance of the controller. A possible solution will now be introduced. Con-
sider setting ε adaptively to some factor ξ of an estimated standard deviation
of a differentiated measurement as

ε(k + 1) = ξ
√
v(k + 1) (2.65)

where the variance v can be can be estimated using the recursive formula

v(k + 1) =
k

k + 1
v(k) +

1

k + 1
[∆y(k + 1)−∆ŷ(k + 1)]2 (2.66)

with ∆y(k) = y(k)−y(k−1) where y(k) is the measured process state at sample
k. ∆ŷ is the mean value of ∆y that in turn can be estimated adaptively using

∆ŷ(k + 1) =
k

k + 1
∆ŷ(k) +

1

k + 1
∆y(k + 1) (2.67)

The choice of ξ would then be less sensitive to variations in the disturbance
sequence than the choice of ε as long as the disturbance has approximately
the same fundamental properties as a standard disturbance that would be used
to determine methods for choosing ξ. By this we mean that it would probably
have similar frequency properties, most likely resembling integrated white noise.
Further research will be needed to determine a good default disturbance model,
and how to choose ξ optimally from that model. The choice of ξ would most
likely also invoke some way of detecting oscillations, as this cannot be handled
by the controller if the oscillations are too small to trigger samples but still
are sufficiently large to pose a problem. A problem with the method is that
if there is an oscillation with growing amplitude, the adaptively chosen ε will
also grow. Fortunately, this would be fixed if an oscillation detector was to be
implemented. The method proposed for adaptively choosing ε results in a way
of achieving a desired communication reduction by varying ξ and not a way of
achieving a desired control performance. This is reasonable since the amount
of communication would usually be the bottleneck, and for a certain amount of
communication it is desired to have as good performance as possible. Note that
this is in no way suggested to be an optimal way of calculating the adaptive
threshold, but simply an example to show the possibilities. As far as we know,
adaptive methods have not been suggested for use in this area before, but there
are many different adaptive methods that could be used.
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Chapter 3

Simulations of the Boliden
plant

In this chapter the performance of the different event-triggered and self-triggered
schemes will be studied with a comparison against the periodical scheme. To
be able to compare these different schemes, and to get a clue of which will work
best in a real system with real disturbances, a model of a real industrial system
with a measured disturbance sequence will be simulated.

3.1 System studied

The system that will be used in the simulation setup is an existing zinc flotation
process at Boliden’s Garpenberg plant in Sweden. It has already been studied in
previous work [13] [14] but with different focus. The reason why this system is
studied is because of the availability of measurements of input disturbances and
a process model, although nonlinear. The system also has the advantages that
it can be decentralized and transformed into standalone SISO systems where
PID-controllers can be used.

The plant consists of five identical tanks connected to each other, see Fig-
ure 3.1. The same simplifications have been done as in [13] where the first and
second tank is seen as one tank with twice the volume but equal height. The
simplification does not affect the system under the assumption that the flow
between the two tanks is unlimited. The same principle is applied to tank four
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Figure 3.1: Illustration of the connected five tank system that is modeled and
studied in the simulation. Quantities used in the simulation are defined. All
tanks have the same bottom area and volume.

and five and the system can be written as

ẏ1(t) =
1

A1
(q(t)−K1u1(t− τ)

√
y1(t)− y2(t) + l1)

ẏ2(t) =
1

A2
(K1u1(t− τ)

√
y1(t)− y2(t) + l1

−K2u2(t− τ)
√
y2(t)− y3(t) + l2)

ẏ3(t) =
1

A3
(K2u2(t− τ)

√
y2(t)− y3(t) + l2 −K3u3(t− τ)

√
y3(t))

(3.1)

where yi is the level in tank i (Ti) in meters, and ui is the control signal,
describing the opening of a connecting valve in the interval 0−100%. The delay
τ on the input is 3s for all tanks. Ai denotes the bottom area of the tank and is
22m2, 11m2 and 22m2 respectively. The volume Vi of the three tanks are 80m3,
40m3 and 80m3 respectively. li is the difference in height of the floor of Ti and
Ti+1, and is 1m for both li. All tanks have the same height, which is also the
maximum limit of y that is ymax = Vi/Ai ≈ 3.636m. Ki is a valve constant that
is chosen so that for the nominal q0 = E[q(t)] ≈ mean(q(t)), ui = 25% gives

yi = 3m. This gives K = [11, 11, 6.6] · 10−4m
5/2

s . The inlet flow q into T1 is
the main disturbance in the system and the control problem is to keep yi at a
reference level ri. In the simulations the input disturbance q that is used for the
plant is a recorded sequence from the real system at Boliden Garpenberg. The
sequence runs over 100 hours and consists of 600 data points. Worth noticing
is that the disturbance sequence resembles integrated white noise.

To be able to use self-triggered schemes and to get a higher understanding of
the behavior, a linear model of the system (3.1) was needed. The linearization
was done according to [4] where the nonlinear model is considered decoupled,
meaning that in the model for tank i, the input and output of the other tanks
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are considered to be constant. The derived linear model becomes

Y1(s) =
−0.080

1547s+ 1
e−3sU1(s)

Y2(s) =
−0.040

386, 7s+ 1
e−3sU2(s)

Y2(s) =
−0.060

1160s+ 1
e−3sU3(s)

(3.2)

if the disturbance q is disregarded, which does not affect the mapping from u(t)
to y(t).

3.2 Simulation setup and simplifications

The system was simulated using MATLAB/Simulink with the real time toolbox
TrueTime[15]. TrueTime was originally developed for analysis of network based
systems but as the study of network is not included in this project the network
is simplified as having no transmission delays and no packet losses. Effects
of network dependent parameters as packet size and overhead are disregarded.
Loop elements in the system (controller, actuator, sensor and network) are
realized using TrueTime kernels, which ensures that events occur at specific
times, all other parts of the system are implemented with built-in Simulink
objects. The setup of the system presented in Section 3.1 is done using three
control loops, unaware of each other, where the system is the nonlinear model
presented in (3.1). All control loops measure their respective reference signal
ri (which are assumed to be known by all loop elements) and system output yi
and returns a delayed control signal, with delay L, to the model. All updates of
the system is determined by the trigger scheme used and when the sensor sends
data the control signal is instantly updated (it is assumed that no computational
delays exists). The input to the first system is a measured disturbance where
the data has been recorded for 360 000s and consists of 600 data points. In the
simulation the data has been interpolated linearly between data points. The
control signal is updated according to the method presented in (2.12)-(2.13).

For the periodic scheme the updates occur periodically, determined at the
initiation instance with a fixed sampling interval. The sensor will wake up
periodically, read the output of the system and send it to the controller. The
controller will be awake with the same periodicity, read the sent message, and
calculate the next control signal which is sent to the actuator that updates the
control signal to the system instantly.

The event-triggered scheme, compared to the periodic scheme, will always
be running. The sensor will measure the output of the system y ten times
faster than the minimal sending period h and the controller is listening for
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packets with the same periodicity. When an event occurs the control signal
is updated in the same way as for the periodic scheme. An event can occur
when |ek − ek−1| > ε or |ek| > ε as presented in Section 2.3.1. No anti-sticking
algorithm was implemented.

The self-triggered scheme will have the same behavior as for the periodic
scheme except it will have a varying sleep time. When the sensor has measured
the system output and calculated when the next measurement needs to be taken,
according to (2.50), it will send this value to the controller, which will wake up at
the measurement instance, and both the sensor and the controller will fall asleep
for hk+1 seconds. The controller will, before it falls asleep, send the updated
control signal to the actuator in the same way as for the other schemes. For the
self-triggered scheme type two, instead of sending u to the sensor, the sensor
had a duplicate setup of the control algorithm and simulated the output of the
controller to use in the calculations.

For the methods to be comparable all simulations have been performed in the
same environment for 280 000s. A rule of thumb is that the sampling interval
should be chosen as approximately 5 − 10% closed-loop system time constant.
The minimal allowed sampling interval has been set a bit higher than that to
be conservative, so that the minimal sampling interval is around a fifth of the
smallest closed-loop time constant for all tanks and is 40s. This time could
be set uniquely for all tanks but the differences between the closed-loop time
constant of the tanks are small and will not have a large impact on the result. It
should be noted that the sampling interval actually used at the plant is 1s, but
that time is obviously much faster than necessary so it is will not give good vales
for comparisons. Another assumption that has been made is that the system
starts at steady state and that the reference signal is kept constant at 3m.

3.3 Used controller

The controller used in the simulations was the discrete PID controller with
update algorithm according to (2.12)-(2.13), with the D-part deactivated. To
reduce the number of parameters to be set, the lambda tuning technique, as
described in Section 2.1.1, was used to find the control parameters Kc and Ti.
This technique does not only reduce the number of parameters but is actually
optimal when the input disturbance is integrated white noise which is what the
used input disturbance resembles.

To find the best controller using lambda tuning, a number of simulations
were performed using the periodic scheme with sampling interval chosen to be
short enough not to affect the result, in this case 20s. The simulations were
run with the recorded disturbance sequence for 280 000s. By letting λ = ρT ,
where T is the parameter in a KLT process model as described in Section 2.1.1,
it is possible to find the optimal value of λ by varying ρ for each tank. The
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results from the simulations with different ρ can be seen in Figure 3.2. The
reason why the curves for T1 and T3 are different for different controllers in T2
is the connections between the tanks. ρ were chosen so that the total integrated
squared errors (ISE ) were approximately equal for all tanks. It appeared that
the second tank(T2) only needed a λ about three times higher, and thereby a
slower controller, than the other two tanks to achieve the same performance.
This is most likely due to the fact that the process time constant for T2 is about
three times smaller to begin with. To properly be able to compare sampling
schemes, a controller fast enough to compensate for the disturbances was needed,
otherwise sampling would be practically unnecessary. The performance will
obviously be better for faster controllers, but there is also a risk of oscillations
and overcompensation with a too fast controller. The values chosen were ρ =
[0.2, 0.6, 0.2] which resulted in the control parameters with approximated closed-
loop time that are listed in Table 3.1.

Figure 3.2: ISE for different choices of ρ in T1 and T3. The solid curves cor-
respond to the same λ in T2 as in T1 and T3, the dashed curves to twice the
size and the dashed dotted curves to three times the size. The x-axis shows the
values of ρ in T1 and T3. The red curves correspond to T1, green to T2 and blue
to T3.
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Kc Ti λ[s]
Control loop - T1 -61.9 1 550 309

Control loop - T2 -41.1 387 232

Control loop - T3 -82.3 1160 232

Table 3.1: Parameters for the controllers for the different control loops used in
the Boliden simulations

3.4 Simulation results

The comparison of the methods are done by measuring the number of data
packets that are being sent from the sensor to the gateway and by measuring
the ISE during the whole simulation. The performance indices used in the
comparison are the ISE of the respective methods relative to the ISE of the
periodic scheme with minimal sampling interval. This means that a value of one
corresponds to the same ISE as with the periodic scheme with minimal sampling
interval, i.e. 40s, and a value of two corresponds to one that is twice as large.
The relative ISE is compared to the amount of reduced communication relative
to the fast periodic scheme. Four different simulations have been performed
for the periodic, event-triggered and self-triggered schemes presented in the
previous chapter. These are with unlimited integral update, i.e. the used time
in the integral update is equal to the sampling interval, with the true integrated
error as integral in controller, with the closed-loop time constant as limit on the
sampling interval used for the integral update and the pole placement technique.

The only results that are presented in this report are for T2 because the dif-
ference between T2 and T3 is insignificant and the result from T1 is less obvious,
due to the longer closed-loop time constant leading to a higher base ISE, and
thereby a smaller relative ISE. In all figures the color of the curve specifies the
limitation of the integral where the black curve is without limitations, green is
with true integrated control error, red is with pole placement and magenta is
with λ used as a limitation of the sampling interval. For the periodic scheme
the sampling interval has been varied from 40s to 600s in 100 points and the
result can be seen in Figure 3.3. For the event-triggered methods the param-
eter ε has been varied from 0.001 to 0.3 in 100 evenly distributed points. The
results for event-triggered type one and two can be found in Figure 3.4. When
the simulation of the third type of event-triggered scheme was performed, the
base ε was varied from 0.005 to 0.1 in five evenly distributed points and the
scaling factor, i.e. how the threshold level increases/decreases for different con-
trol errors, was varied from 0 to 2 for both the inverse and non-inverse case in
100 points. According to the simulations the best value of the scaling factor
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is close to zero for both cases, meaning that the best choice is equal to using
event-triggered type two. Therefore the results were deemed uninteresting and
excluded from the report to keep it concise. For the self-triggered methods, the
parameter ε has been varied from 0.001 to 0.3 in 100 evenly distributed points
and the results are shown in Figure 3.5 for both methods. The maximum al-
lowed sampling interval was set to 400s because the periodic scheme quickly
drops in performance beyond that point. This parameter has also been varied
from 400s to 800s but the best result was achieved for 400s. To give an idea of
what sizes of ε that gives the results, some of the ε are listed in Tables 3.2-3.5.

According to the results presented in Figures 3.3-3.5 it can be seen that, for
the given process and disturbance, it is possible to reduce up to about 90%
of the communication without losing any performance. The results indicate
that the event-triggered scheme of type two and the self-triggered scheme of
type two, see Table 2.1, are the best if the amount of communication reduction
relative to change in control performance is considered. They are therefore the
ones chosen for the later experiments on real processes. The main reason why
the unlimited integral update simulations in many cases perform just as well
as the true integral, or in many cases even better, is simply because it leads to
a stronger integral action in the controller and thereby also a faster controller.
However, as was earlier discussed in Section 2.2, a faster controller is not always
desirable.

It is important not to draw to strong conclusions from these results, as they
are only simulations of one system for a limited timespan. The possible or
even representative disturbances may differ very much from the ones used here.
Because of the short timespan, the moment in time of each sample may have a
large impact on the ISE, and chance becomes a large factor. It does however
seem like the difference between the various methods for integral limitation is
rather small. Because of that, using the closed-loop system time constant λ
as limit is very likely to be used in later real implementations, plainly for its
simplicity. This method was therefore chosen for our later experiments on real
processes.

Interestingly, it seems that simply using a slower periodic sampling may do
almost as well as using an event-triggered or self-triggered sampler. This is most
likely due to the disturbance sequence being fairly evenly distributed over time,
and even though the sampling intervals vary between the different schemes, it is
only on rare occasions that the event-triggered and self-triggered schemes take
full advantage of their flexibility. Typically they would excel at disturbances
that vary between quickly changing and almost constant, like a step. This is
one of the problems of much of the earlier work that has been done with these
sampling schemes. Usually the evaluations have been made over a reference
or disturbance step, where the more flexible schemes obviously have a strong
advantage. This may however not be a representative case of a continuous run
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of a process. While event-triggered sampling never should perform worse than
periodic sampling, the occasions where it performs better may not be frequent
enough to justify the complete system modification that would be needed to
implement event-triggered sampling.

Figure 3.3: Results of simulations of the Boliden three-tank system with a pe-
riodic sampling scheme for T2. Unlimited integral update (black), true integral
(green), pole placement (red) and λ-limited (magenta)

Comm. red. hmax =∞ hmax = λ Pole. pl. Sensor int.
80% - - 0.057 -

83% - - 0.070 -

86% - - 0.089 -

89% - - 0.13 -

92% - - 0.18 -

Table 3.2: Values of ε for different integral limitation methods and communica-
tion reduction for event-triggered method of type one.
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Comm. red. hmax =∞ hmax = λ Pole. pl. Sensor int.
80% 0.0070 0.0070 0.0090 0.010

83% 0.0090 0.0090 0.011 0.014

86% 0.013 0.011 0.015 0.018

89% 0.025 0.013 0.021 0.030

92% 0.12 0.023 0.031 0.065

Table 3.3: Values of ε for different integral limitation methods and communica-
tion reduction for event-triggered method of type two.

Comm. red. hmax =∞ hmax = λ Pole. pl. Sensor int.
80% 0.025 0.028 0.037 0.031

83% 0.031 0.034 0.049 0.040

86% 0.043 0.046 0.073 0.052

89% 0.077 0.089 0.15 0.098

92% - - - -

Table 3.4: Values of ε for different integral limitation methods and communica-
tion reduction for self-triggered method of type one.

Comm. red. hmax =∞ hmax = λ Pole. pl. Sensor int.
80% 0.010 0.010 0.013 0.010

83% 0.016 0.013 0.016 0.016

86% 0.025 0.019 0.022 0.022

89% 0.061 0.043 0.043 0.049

92% - - - -

Table 3.5: Values of ε for different integral limitation methods and communica-
tion reduction for self-triggered method of type two.
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(a) Simulation of the event-triggered scheme of type one

(b) Simulation of the event-triggered scheme of type two

Figure 3.4: Results of simulations of the Boliden three-tank system with the
event-triggered schemes for T2. Unlimited integral update (black), true integral
(green), pole placement (red) and λ-limited (magenta)
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(a) Simulation of the self-triggered scheme of type one

(b) Simulation of the self-triggered scheme of type two

Figure 3.5: Results of simulations of the Boliden three-tank system with the
self-triggered schemes for T2. Unlimited integral update (black), true integral
(green), pole placement (red) and λ-limited (magenta)
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Chapter 4

Simulations of the Iggesund
control loops

Even if an estimation of a real disturbance is used in simulation, it will always be
simply an approximation of reality. To get more qualitative data of the different
sampling schemes, tests were also performed on real processes. Three different
first order SISO control loops were studied at a paper mill in Iggesund, owned
by Iggesund Paperboard AB. Before the real experiments, simulations were also
made of all three processes. The different sampling methods that were finally
tested, as a consequence of the results from Chapter 3, were periodical sampling
with different periods, event-triggered sampling of type two and self-triggered
sampling of type two, see Table 2.1.

4.1 System identification

To simulate the different systems, process models were needed. The response
to a sequence of control signal steps was measured at the plant for each pro-
cess. The data was imported into MATLAB and the iterative prediction-error
minimization method was used to estimate models. The estimated models are
shown in Table 4.1. The two tank processes are approximated as purely in-
tegrating processes, and therefore no T parameter is present. The measured
responses as well as the simulated responses for the estimated models are shown
in Figures 4.1-4.2. The black curves represent the measured step responses,
while the green curves represent the simulated step responses for the estimated
process models. The red curve in Figure 4.1 represents the simulated result for
a process model where both K and T were estimated simultaneously.

The first process is a flow of starch that is controlled via the opening and
closing of a valve. The controller is a slave in a cascaded loop structure, meaning
that the reference value may be continuously changing. The process can be
nicely described by a KLT-process as defined in Section 2.1.1. By looking at
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K L T
Process 1 - starch flow 0.43 0.0 2.6

Process 2 - reject tank 0.083 1.0 -

Process 3 - couch pit tank −0.0031 0.0 -

Table 4.1: Estimated process models

the measurements of the step experiment it appears that the process is subject
to backlash effects when the derivative of the opening of the valve changes sign.
The result is that the gain K varies with time. Because of this, K and T cannot
be properly estimated at the same time over several steps, as is clear when
looking at the red curve. T was therefore estimated by looking at only one
step. The time constant however is not time-variant and was estimated to 2.6.
K was then estimated by locking T to the already estimated value and letting
the system identification algorithm use the measurement data over all the steps.
The gain K then essentially becomes an average of the gains of all the steps,
and it was estimated to be 0.43. The delay L was found to be essentially zero.

The second process is the level of a tank called the reject tank that is controlled
by the opening and closing of a valve that determines the inlet flow to the tank.
The process is basically a purely integrating process as defined in Section 2.1.1.
The gain K was estimated to 0.083 and the time delay L was estimated to 1s.

The third process will be referred to as the couch pit tank. It is also a tank
level, and therefore approximated as a purely integrating process, but instead
the valve determines the outlet flow of the tank. The gainK is therefore negative
and was estimated to −0.0031. The delay L was found to be essentially zero.

4.2 Disturbance estimation

To achieve meaningful results, a realistic disturbance sequence was needed for
each of the three processes. The disturbance sequence needed only to be realistic
and not completely accurate so a very simple method was used to retrieve the
disturbance. The output and input of the process were logged over 2200s and
was then put through the inverted estimated process. To reduce the effects of
measurement noise it was thereafter put through a low-pass filter. The filters
cut-off frequency was rather high, as it was more important to keep all real
disturbances than to remove all measurement noise. The measurement noise
was to be filtered through the process anyway. Another much simpler method
of simply using the inverted control signal u as the disturbance estimate was also
evaluated. The results are shown in Figures 4.3(a) and 4.4. The blue curve is
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Figure 4.1: Validation of the system identification for the starch flow process.
Measured step response (black), simulated (green) and simulated with both K
and T .

the estimated disturbance before low-pass filtering and the red curve is after low-
pass filtering. The green curve represents the inverted u. Figure 4.3(b) shows
a validation plot for the flow process where the estimated disturbance is put
through the estimated process together with the measured u and is compared
to the measured y. The black curve represents the measured y. The green
curve is the result when using the disturbance estimated from the inverted
process and the red curve is the result when using the inverted u. It is clear
that using the inverted process gives a much better result and it is therefore
the method chosen for estimating the disturbance. The validation plots for the
tank processes are much less clear since even a very small error escalates with
an integrating process, and they are therefore left out in the report. It should
be clarified that there exist much more sophisticated methods for disturbance
estimation but for the purposes of this thesis, the simpler methods are sufficient.
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(a) Reject tank process

(b) Couch pit tank process

Figure 4.2: Validation of the system identification for the two tank processes.
Measured step response (black) and simulated (green).

42



(a) Estimation with result before low-pass filtering (blue), after (red) and inverted u (green)

(b) Validation with measured y (black), when using estimated disturbance (green) and inverted
u (red)

Figure 4.3: Estimation and validation of input disturbance for the starch flow
process.
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(a) Reject tank process

(b) Couch pit tank process

Figure 4.4: Estimated input disturbances before low-pass filtering (blue), after
(red) and inverted u (green) for the two tank processes.

44



4.3 Controller

All three processes are controlled by PI-controllers. The parameters currently
in use at the mill are shown in Table 4.2. The resulting closed-loop system
time constants λ for the different processes has future large implications and are
therefore also included in the table. No anti-sticking algorithm was implemented
in the simulations.

Kc Ti h λ β
Process 1 - starch flow 0.60 9 0.25 34 1

Process 2 - reject tank 3.3 120 0.5 3.6 1

Process 3 - couch pit tank −5.00 60 0.5 42 1

Table 4.2: Parameters for the different controllers implemented at Iggesund
prior to the experiments.

4.4 Simulations

To simulate the behavior of the different processes, TrueTime and MATLAB -
Simulink were used as in the Boliden simulations. The simulation setup is the
same as in the Boliden simulations except that only one process is studied at
the time and not three, see Section 3.2.

An estimation of a real disturbance sequence was used and each system was
simulated for 2200s. The smallest allowed sampling intervals for the systems
were chosen as one tenth of the closed-loop system time constant rounded to
the nearest half second and were 3.5s, 0.5s, and 4s respectively.

The simulation results are presented as in Section 3.4 where the communi-
cation reduction is compared with the change in control performance, see Fig-
ures 4.5-4.6. As in the previous chapter the control performance is measured
as the integrated squared control error (ISE ) relative to the ISE for the fast
periodic scheme. The difference in the illustration of the result compared to
previous chapter is that a moving average filter was applied to the data. This is
because the variation in performance for different parameters was much larger
due to the much shorter simulation time. Because of the short timespan, the
moment in time of each sample may have a larger impact on the final result and
therefore chance becomes a large factor. The black curves are with the use of
event-triggered scheme of type two, red are using a periodic scheme and blue are
with a self-triggered scheme of type two. The solid curves are with a limitation
on integral update and the dashed curves are without a limitation. The actual
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data points are illustrated as dots and crosses where dots are when a limitation
on the integral update is used and crosses are when no limitation is used. As
for the simulations of the Boliden plant, to give an idea of what sizes of ε that
gives the results, some of the ε are listed in Tables 4.3-4.4.

The simulations show similar results as the simulations of the Boliden plant.
The possible communication reduction lies around 90% without losing too much
performance. The event-triggered control seems to perform slightly better than
the other schemes, although marginally. The indication is also that a limitation
on the integral update gives better performance than an unlimited update. The
reason why the performance sometimes seems to improve for longer sampling
intervals is simply that it leads to a larger integral update, and thereby a faster
controller and better disturbance cancellation, as discussed in Section 2.2.4.

Figure 4.5: Simulation showing possible communication reduction compared to
change in control performance for the starch flow process. Event-triggered of
type two (black), periodic (red) and self-triggered of type two (blue). Unlimited
integral update (solid) and λ-limited (dashed)
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Comm. red. Starch flow Reject tank Couch pit tank
80% 0.023 0.19 0.21

83% 0.028 0.22 0.231

86% 0.036 0.27 0.27

89% 0.041 0.34 0.30

92% 0.051 0.42 0.36

Table 4.3: Values of ε for different communication reduction and processes for
the event-triggered sampling scheme of type two.

Comm. red. Starch flow Reject tank Couch pit tank
80% 0.0075 2.5 21

83% 0.015 3.0 24

86% 0.033 3.8 28

89% 0.080 6.4 -

92% - - -

Table 4.4: Values of ε for different communication reduction and processes for
the self-triggered sampling scheme of type two.
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(a) Simulation of the reject tank processes at Iggesunds paper mill

(b) Simulation of the couch pit tank processes at Iggesunds paper mill

Figure 4.6: Simulation showing possible communication reduction compared to
change in control performance. Event-triggered of type two (black), periodic
(red) and self-triggered of type two (blue). Unlimited integral update (solid)
and λ-limited (dashed)
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4.5 Robustness test

To see the effect of model uncertainty when using the different sampling schemes,
simulations similar to the ones in the previous section have been performed for
the flow process and the reject tank process. The robustness was studied by
comparing the results when using the original models in the simulations to the
results when using models where the gain was increased by 25% for the flow
process and by 20% for the reject tank process. To see how well the integral
limitations handle the model uncertainty, the simulations were performed for no
limitations on integral update, integral update limited by the closed-loop system
time constant and the true integral. The results are presented in Figures 4.7-
4.9 where the results are separated between figures by process and sampling
scheme. The dashed curves are with 20% increase in process gain and the solid
curves are with the original process. The red curves are without a limitation on
integral update, blue are with a limitation equal to the closed-loop system time
constant and green are is with the use of the true integral.

The results from the robustness test again indicate that using a limitation on
the integral update is superior. The indication is also that the event-triggered
scheme is slightly more robust to model uncertainties, which is also to be ex-
pected. As the model error did not have a very large impact on these results,
the difference may be even greater for larger model errors. Again, the reason
why the performance sometimes seems better for longer sampling intervals is
because of the integral approximation, see Section 2.2.4 .
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(a) Test with the event-triggered sampling scheme of type two

(b) Test with the self-triggered sampling scheme of type two

Figure 4.7: Robustness simulation applied to the starch flow process with
(dashed) and without (solid) a 20% increase in process gain. Unlimited integral
update (red), λ-limited (blue) and true integral (green).
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(a) Test with the periodic sampling scheme applied to the starch flow process

(b) Test with the event-triggered sampling scheme of type two applied to the reject tank process

Figure 4.8: Robustness simulation applied to the starch flow and reject tank
process with (dashed) and without (solid) a 20% increase in process gain. Un-
limited integral update (red), λ-limited (blue) and true integral (green).
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(a) Test with the self-triggered sampling scheme of type two

(b) Test with the periodic sampling scheme

Figure 4.9: Robustness simulation applied to the reject tank process with
(dashed) and without (solid) a 20% increase in process gain. Unlimited integral
update (red), λ-limited (blue) and true integral (green)..
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4.6 Effect of disturbances for periodic sampling

As mentioned in the previous chapter, there seems to exist a limit in communi-
cation reduction where the ISE rises quickly. This behavior that is seen in all
simulations, could be because the sampled system is close to instability. To an-
alyze the stability of the periodic sampled system, the results from Section 2.1.3
are used and from there the placement of the poles and zeros can be analyzed for
different sampling intervals hk in the Z-domain. The system that is studied is
not the closed-loop transfer function from the reference signal r(t) to the output
y(t) but instead the one from the disturbance d(t) to the output y(t). By using
the definition of the system

y(k) = G(z, hk)[u(k) + d(k)] (4.1)

the transfer function Gd(z, hk) is defined as

Gd(z) =
G(z)

1 +G(z)F (z)
(4.2)

where F (z) is the controller transfer function.

The result for the three Iggesund processes can be seen in Figures 4.10-4.11
where all poles and zeros of the closed-loop system are real which is why they
can be presented as a one-dimensional function of communication reduction.
The red dots represents the zeros of the system while the two black dots rep-
resents the poles. As seen this gives a good indication of where the limit in
communication reduction lies as the system becomes unstable when the pole(s)
crosses the unit circle. The flow process instability occurs when the communica-
tion reduction reaches 93.5%, the reject tank process at 93.0% and the couch pit
tank process at 94.6% which is close to the limits in communication reduction
that has been seen in the simulations.

To get a more detailed analysis, the actual disturbance d(t) also needs to be
accounted for. The output of the system that is a direct result of the input
disturbance can be compared to the ISE for different sampling intervals hk.
Let the frequency representation of the input disturbance be denoted by D(ω).
Further, denote the system Gd(ω) in the time domain as gd(t) and define the
Plancherel´s formula [12] as∫ ∞

−∞
|f(t)|2dt =

1

2π

∫ ∞
−∞
|F (ω)|2dω (4.3)

If it is assumed that most of the deviation from the reference signal is due to the
disturbance, the effect of the disturbance on the output yd(t) can be compared
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to the ISE as

ISE(hk) ≈
∫ t

0

|yd(t)|2dt

≈
∫ ∞
−∞
|gd(t) ∗ d(t)|2dt

=

∫ ∞
−∞
|Gd(ω)D(ω)|2dω (4.4)

A comparison between the theoretical effect and simulations has been performed
for the three processes at Iggesund and is shown in Figures 4.12-4.13. The red
curves are the theoretical results and the black curves are the simulated results.
All parameters used for the models and controllers can be found in Tables 4.1
and 4.2. The theory is only valid for periodic sampling so the comparison can
naturally only be made to the simulations with periodic sampling. The results
indicate a very strong correlation between theoretical disturbance effect and the
ISE results from the simulations. The results for the reject tank are slightly
more inaccurate than for the two others. It is most likely because of the one
second delay used in the process model in the simulations that could not be
included in the theoretical calculations. In total, this indicates that the theory
could be used as a quick way of estimating the effects of disturbances for different
sampling intervals.
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Figure 4.10: Simulation of pole placement for specific communication reduction
for the starch flow process using the periodic sampling scheme. Zeros of the
system (red dots) and poles (black dots).
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(a) Pole placement for the reject tank process

(b) Pole placement for the couch pit tank process

Figure 4.11: Simulation of pole placement for specific communication for the
two tank processes reduction using the periodic sampling scheme. Zeros of the
system (red dots) and poles (black dots).
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Figure 4.12: Possible communication reduction versus relative ISE for the starch
flow process. Theoretical result (red) and simulated result (black).
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(a) Test of the reject tank process

(b) Test of the couch pit tank process

Figure 4.13: Possible communication reduction versus relative ISE for the two
tank processes. Theoretical result (red) and simulated result (black).
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4.7 Test of adaptive thresholds

To see the effect of different scaling factors ξ when using adaptive thresholds as
proposed in Section 2.5, simulations have been performed for the three Iggesund
processes. The same simulation environment has been used as in the previous
simulation section but now ε is calculated adaptively and updated at each sam-
pling instant. To calculate the variance the recursive method presented in (2.66)
is used and the mean value is calculated according to (2.67). The parameters for
the process model and controller is the same as the ones used in the simulation
section and the limitation on the integral time update is the closed-loop time
constant for the system. The results for different scaling factor ξ, see (2.65),
are shown in Table 4.5 where no measurement noise was present. To see the
effect when noise is added to the output channel, a bandwidth limited noise was
added and the result can be seen in Table 4.6. The noise varied depending on
the process and was estimated from the logged data from Iggesunds paper mill
to ±0.02l/min for the starch flow process and ±0.1% for both the couch pit
tank process and reject tank process.

The variation of ε over time for the three processes are shown in Figure 4.14
where the black curves are for the starch flow process, the red curves are for the
reject tank process and the blue curves are for the couch pit tank process. The
dashed curves are when no measurement noise is added to the output and the
solid curves are with measurement noise. Not surprisingly, ε tends to approach
the values that gave similar results in the simulations in the previous section.

From the test of adaptive thresholds, it is clear that the adaptive method
gives a similar communication reduction versus performance as choosing a fixed
threshold beforehand. What is interesting here is that while different ε have to
be chosen for each process when using a fixed threshold, using the same ξ yields
about the same result for all three processes. This would indicate that using
a standard choice of ξ could give very good results for many different types of
processes, thus making the sensor setup much easier. Apparently, noise with a
significant signal power will make a small difference in how the choice of ξ affects
the communication reduction and control performance. This is why it could be
wise to prefilter the measurement to remove the noise before the derivation is
performed.

59



Starch flow Reject tank Couch pit tank
ξ Comm. red.

∫
|e(t)|2 Comm. red.

∫
|e(t)|2 Comm. red.

∫
|e(t)|2

1 31.2% 0.97 29.4% 1.0 26.7% 0.92

3 68.3% 0.82 61.9% 1.0 68.0% 0.92

5 84.6% 0.83 78.8% 1.1 83.8% 1.3

7 89.8% 0.84 84.8% 1.1 91.6% 1.8

9 93.2% 1.3 88.5% 1.2 94.4% 2.8

11 94.8% 1.5 91.2% 1.3 95.8% 2.2

13 95.9% 2.7 93.0% 1.4 96.7% 2.9

15 95.9% 2.7 93.7% 1.5 96.5% 5.3

17 97.0% 3.9 94.8% 1.5 96.4% 4.5

19 98.1% 5.5 94.8% 1.7 96.4% 4.7

Table 4.5: Simulated effect of different choices of ξ for three processes using
the event-triggered scheme. The ISE is normalized with the results of the fast
periodic scheme for the respective processes.
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Starch flow Reject tank Couch pit tank
ξ Comm. red

∫
|e(t)|2 Comm. red

∫
|e(t)|2 Comm. red

∫
|e(t)|2

1 33.1% 0.95 39.3% 1.0 33.3% 0.99

3 80.8% 0.97 76.6% 1.0 76.0% 1.2

5 91.4% 1.2 86.4% 1.1 92.4% 1.9

7 94.0% 2.0 91.1% 1.3 94.0% 2.3

9 96.7% 2.2 93.6% 1.4 96.2% 2.1

11 97.5% 4.4 94.7% 1.6 96.0% 3.2

13 97.3% 7.1 95.3% 1.8 96.7% 2.7

15 98.1% 8.2 95.1% 2.1 96.9% 9.0

17 97.8% 4.7 95.0% 2.7 96.2% 6.7

19 98.1% 8.6 95.0% 3.1 96.9% 5.4

Table 4.6: Simulated effect of different choices of ξ for three processes with
measurement noise using the event-triggered scheme. The ISE is normalized
with the results of the fast periodic scheme for the respective processes where
measurement noise is present.
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Figure 4.14: Variation of ε using the adaptive threshold method in simulation of
Iggesund processes with ξ = 5. The black curves are for the starch flow process,
the red curves are for the reject tank process and the blue curves are for the
couch pit tank process. The dashed curves are when no measurement noise is
added to the output and the solid curves are with measurement noise.
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Chapter 5

Field testing at Iggesund
Paperboard

5.1 Test setup

The different sampling methods that were finally tested, as a consequence of the
results from Chapter 3, were periodical sampling with different periods, event-
triggered sampling of type two with anti-sticking and self-triggered sampling
also of type two. The tests conducted for each sampling scheme were a back
and forth step test and a log of a continuous run during 30 minutes. The tests
were run on all processes simultaneously as they are essentially independent of
each other. All tests were performed during one day to not allow the properties
of the processes to vary too much.

The setup is illustrated in Figure 5.1. The processes are normally controlled
by an AC450 controller. During the tests processes were controlled by a separate
AC800M controller unit whose output signal was fed through the AC450 as an
external control signal. This was to ensure the possibility to quickly switch
back to the original controller if anything would go wrong. All connections were
wired, and the non-periodic sampling was performed by a separate PrePID
module located before the PID module in the AC800M controller, and not in
the sensor. Also connected before the slow non-periodic sampling was a module
that calculated the integrated control error values with a high frequency to make
them accurate. The AC800M used code programmed in Structured text using
Compact Control Builder 5.1. The code was written uniquely for the tests but it
was built around a modified PidAdvancedCC module that is preprogrammed for
the AC800M. The modification ensured that the PID algorithm only updated
when receiving a sampling signal from the PrePID module and also allowed for
a limitation of the time used in the integral update. It also reset the time to use
for the integral update in the case of a setpoint update. The PrePID module, in
addition to the sampling, also performed tasks like the anti-sticking algorithm
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for the event-triggered scheme and triggering a sample in the case of a setpoint
update for the self-triggered scheme. In the case of a setpoint update when
running the event-triggered scheme, the anti-sticking algorithm was initiated
immediately to trigger a first sample.

All values, such as measured y and output u, were logged with a period of
1s. At the time of the experiments, it was discovered that the second controller
was tuned to be too fast, leading to poor performance, and Kc was changed
from 3.3 to 1.65. This setting was then also used in the control loop after the
experiments were finished. This also resulted in that the closed-loop system time
constant λ was increased to 4.5s from 3.6s. An anti-sticking algorithm as the
one proposed in Section 2.4 with the variable δ chosen to be 2 was implemented
for the event-triggered scheme.

Sensor Plant Actuator

PrePID PID

PID

AC800M

AC450

Int

Figure 5.1: Setup for the tests at the Iggesund paper mill.

A list of all the setups used for each process is shown in Table 5.1. The first
column is simply an index number to identify measurements and results. The
chronological order in which the tests were performed was 3, 5, 2, 1, 4 and
finally 6. For all tests, the step test was performed just before the long time
log. The columns named Max.h denotes the maximum allowed time between
two samples. For the event-triggered schemes no such limit was used and for
the periodic schemes it simply denote the time between two samples. As limit
for the integral update in the controller, the closed-loop system time constants
shown in Table 4.2 were used. Since the starch flow controller is a slave in a
cascaded control structure, the reference value is changing over time. There was
no connection of the reference from the AC450 so it had to be transferred to
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Starch flow Reject tank C.pit tank
No. Scheme Color ε Max.h ε Max.h ε Max.h
1 Periodic Magenta- 0.25s - 0.5s - 0.5s

2 Periodic Black - 20s - 5s - 50s

3 Event-
triggered

Red 0.04 - 0.35 - 0.32 -

4 Event-
triggered

Blue 0.15 - 0.5 - 0.5 -

5 Self-
triggered

Green 0.04 25s 0.35 5s 0.32 50s

6 Self-
triggered

Orange 0.15 60s 0.5 8 0.5 85

Table 5.1: List of setups used at the Iggesund plant. The column labeled ”color”
denotes the color used in plots.

the AC800M manually. Luckily, it did not change too rapidly and the manual
transfer worked well enough. Typically it was around 6.3l/min but it is de-
scribed in detail in the results section. The reject tank had a reference value of
60% and the couch pit tank had a reference value of 25%. The steps were made
to 7l/min and back again for the starch flow, to 55% for the reject tank and to
20% for the couch pit tank.
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5.2 Results

All tests were performed according to the description given in the previous
section. As seen in Table 5.1 six setups were tested each with a 30 minutes log
and step test. All step responses were performed simultaneously where the step
response was measured for 4 minutes after doing the reference change for the
flow process, 1 minute for the reject tank process and 5 minutes for the couch
pit tank process. The step size for the reject tank process and the couch pit
tank process were chosen to be −5 percentage points which is significantly larger
in magnitude than the measurement noise and common disturbance effects and
were set to be negative because of limitations in the system. The results can
be seen in Figure 5.3 and 5.4. The flow process step size was varied between
0.7l/min and 0.5l/min since it is a slave in a cascaded coupling where the
reference value from the master differed between tests.

The results from the flow process step tests are shown in Figure 5.2 where
the dashed magenta curve is periodic No. 1, the black dotted curve is periodic

Figure 5.2: Step response for periodic No. 1 (magenta), periodic No. 2 (black),
event-triggered No. 3 (red), event-triggered No. 4 (blue), self-triggered No. 5
(green) and self-triggered No. 6 (orange) on the flow process.
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No. 2, the red is event-triggered No. 3 and the blue curve is event-triggered
No. 4. The solid green curve is self-triggered No. 5 and the orange is self-
triggered No. 6. The solid gray curve is the reference value. The step size for
this process is much larger then the measurement noise but the big problem
with this process is that the sensor values are distinctly quantized and the
step is not large enough to get a reliable comparison between the tests. The
reason why the step size was not chosen larger is because the performance of
the flow process affects the paper mill’s final product and it is important to not
migrate to far away from the reference set by the master controller. A numerical
analysis has also been done for the back and forth step tests where the total
analyzed timespan then becomes 8 minutes for the flow process, 2 minutes for the
reject tank process and 10 minutes for the couch pit tank process. The results
are shown in Tables 5.2- 5.4. The indices that are listed are communication
reduction, integrated absolute control error IAE, integrated squared control
error ISE and overshoot. All values are relative to the results from the fast
periodic test run. For the flow process the overshoot value is left out because
of the large quantization. The overshoot is here defined as the percentage the
system overshoots compared to the step size after a step change is made in the
reference signal.

According to the results given in the step tests all schemes reduce a lot of com-
munication without losing a lot in performance. The most significant difference
between the three schemes are the overshoots for the reject tank process. Here
the event-triggered scheme is a lot better than the others and also somewhat
better in IAE performance. One thing which should taken into account is that
the change in value of ε is the same between test No. 3 and 4 and test No. 5 and
6 but the performance for the self-triggered scheme is worse in all tests. This is
expected since the self-triggered scheme cannot see what is happening between
samples and the same goes for the slow periodic. From this it can easily be said
that the event-triggered scheme is the best in these tests that have been made,
but more thorough tests are needed to draw a general conclusion.

The results from the 30 minutes data logs can be found in Tables 5.5-5.7 where
the IAE and ISE are listed as performance indices. As before, the values are
relative to the performance of the fast periodic sampling scheme. Whereas in the
previous chapters a fraction of the closed-loop system time constant was used
for the period of the fast periodic scheme, in this chapter the periods already
being used at the plant were used for comparison. The number of samples and
percentage of events triggered due to the implemented anti-sticking algorithm is
also listed for the event-triggered setups. In the tables there are a few deviations
from the expected results. The largest deviation was for the event-triggered case
for the couch pit tank process where test setup No. 4 gave a better result than
test setup No. 3. This is because there were more process disturbances during
test No. 3 compared to the other test runs. Due to this, the result for the
couch pit tank process test setup No. 3 is not really comparable with the other
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Figure 5.3: Step response for periodic No. 1 (magenta), periodic No. 2 (black),
event-triggered No. 3 (red), event-triggered No. 4 (blue), self-triggered No. 5
(green) and self-triggered No. 6 (orange) on the reject tank process.

results. The same thing applies to the result for the flow process where the slow
periodic is far better than the others and the event-triggered No. 4 is at least
twice as poor compared to the others. This is because of the quantization and
the result depends only on where the measurement ends up compared to the
reference value, which is changed between test runs since it is a slave controller.
In Figure 5.5 the logged data for the reject tank and couch pit tank is shown
for the fast periodic scheme.

The data is also presented as histograms for all tests on the reject tank and
couch pit tank in Figures 5.6-5.11, where the 30 minutes of logged data is
presented as the percentage of occurrences for a number of intervals of control
error. For better performance the histograms should be narrow with the center
around zero.

When looking at a runtime logging of the schemes, again the results from
the flow process cannot be trusted due to the quantization which gives a large
uncertainty in the given data. To be able to use the flow process a lot more
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Figure 5.4: Step response for periodic No. 1 (magenta), periodic No. 2 (black),
event-triggered No. 3 (red), event-triggered No. 4 (blue), self-triggered No. 5
(green) and self-triggered No. 6 (orange) on the couch pit tank process.

tests need to be run to remove the impact of chance. Even here it can be seen
that the event-triggered scheme gives better results for all tests except from
the log test with setup No. 3 for the couch pit tank process where a unique
disturbance affects the process. This result again strengthens the indication
that the event-triggered is the most effective scheme.
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No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2

2 Periodic 98.7% 1.2 1.2

3 Event-triggered 98.8% 1.1 1.1

4 Event-triggered 99.7% 1.1 1.1

5 Self-triggered 97.7% 1.71 1.7

6 Self-triggered 99.2% 1.5 1.5

Table 5.2: Normalized step response results for the flow control

No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2 Overshoot

2 Periodic 90.0% 1.8 1.8 3.7

3 Event-triggered 88.8% 1.1 1.1 0.95

4 Event-triggered 87.9% 1.3 1.3 1.5

5 Self-triggered 85.8% 1.4 1.4 1.8

6 Self-triggered 90.0% 2.2 2.1 4.0

Table 5.3: Normalized step response results for the reject tank control

No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2 Overshoot

2 Periodic 99.0% 0.96 0.96 1.1

3 Event-triggered 95.5% 0.88 0.88 0.73

4 Event-triggered 97.3% 0.88 0.88 0.94

5 Self-triggered 98.0% 0.87 0.86 0.56

6 Self-triggered 97.4% 1.0 0.99 0.93

Table 5.4: Normalized step response results for the couch pit tank control
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No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2 Anti-stick

2 Periodic 98.7% 0.40 0.40 -

3 Event-triggered 99.8% 0.76 0.77 10 (17%)

4 Event-triggered 99.9% 2.1 2.1 0 (0%)

5 Self-triggered 98.7% 0.95 0.96 -

6 Self-triggered 99.6% 0.97 0.97 -

Table 5.5: Normalized results of the log test for the flow control

No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2 Anti-stick

2 Periodic 90.0% 1.7 1.7 -

3 Event-triggered 91.2% 1.1 1.1 63 (12%)

4 Event-triggered 93.6% 1.1 1.1 44 (12%)

5 Self-triggered 89.3% 1.3 1.3 -

6 Self-triggered 93.5% 1.8 1.8 -

Table 5.6: Normalized results of the log test for the reject tank control

No. Scheme Comm. red.
∫
|e(t)|

∫
|e(t)|2 Anti-stick

2 Periodic 98.0% 1.8 1.8 -

3 Event-triggered 98.0% 2.8 2.8 4 (3%)

4 Event-triggered 99.3% 1.3 1.3 0 (0%)

5 Self-triggered 99.0% 1.7 1.7 -

6 Self-triggered 99.3% 2.1 2.1 -

Table 5.7: Normalized results of the log test for the couch pit tank control
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(a) Reject tank process

(b) Couch pit tank process

Figure 5.5: 30 minutes log for processes at Iggesund using the fast periodic
sampling scheme.
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(a) Periodic sampling scheme applied to the reject tank process for log No. 1.

(b) Periodic sampling scheme applied to the reject tank process for log No. 2.

Figure 5.6: Histogram of the 30min data log. The data has been normalized so
it is presented in percentage where 100% is all data points.
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(a) Event-triggered sampling scheme applied to the reject tank process for log No. 3.

(b) Event-triggered sampling scheme applied to the reject tank process for log No. 4.

Figure 5.7: Histogram of the 30min data log. The data has been normalized so
it is presented in percentage where 100% is all data points.
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(a) Self-triggered sampling scheme applied to the reject tank process for log No. 5.

(b) Self-triggered sampling scheme applied to the reject tank process for log No. 6.

Figure 5.8: Histogram of the 30min data log. The data has been normalized so
it is presented in percentage where 100% is all data points.
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(a) Periodic sampling scheme applied to the couch pit tank process for log No. 1.

(b) Periodic sampling scheme applied to the couch pit tank process for log No. 2.

Figure 5.9: Histogram of the 30min data log. The data has been normalized so
it is presented in percentage where 100% is all data points.
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(a) Event-triggered sampling scheme applied to the couch pit tank process for log No. 3.

(b) Event-triggered sampling scheme applied to the couch pit tank process for log No. 4.

Figure 5.10: Histogram of the 30min data log. The data has been normalized
so it is presented in percentage where 100% is all data points.
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(a) Self-triggered sampling scheme applied to the couch pit tank process for log No. 5.

(b) Self-triggered sampling scheme applied to the couch pit tank process for log No. 6.

Figure 5.11: Histogram of the 30min data log. The data has been normalized
so it is presented in percentage where 100% is all data points.
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All results indicate that it is possible to reduce a lot of communication with-
out losing any performance for three real processes. When the comparison of
communication reduction is done with the current implementation of control it
is possible to reduce more than 99% of the communication without losing perfor-
mance. It seems that the event-triggered method has an advantage compared
to slow periodic and self-triggered. One problem with the tests is that they
were performed during a short timespan and chance has a very large impact.
What should be done in the future is to test the different schemes during several
days and on a larger variation of processes. In the evaluation, too much weight
should not be added to the results from the flow process due to the measurement
quantization which unfortunately leaves us with just two integrating processes.

It can also be seen that the anti-sticking algorithm was present during the
30min log. It was especially frequent for the reject tank process where 12% of all
samples were due to the anti-sticking algorithm for both tests runs. The impact
on the results should not be huge, and it is very likely that it would be used
in a future application so it only makes the results more realistic. However, it
may be interesting to perform more thorough tests on the matter in the future.
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Chapter 6

Discussion

After testing six different schemes in simulations and three of them on three
real processes at Iggesunds paper mill, we have enough information to give an
indication of which schemes may be most suitable in a wireless control appli-
cation. What we have seen so far is that the event-triggered scheme of type
two gives the best performance. However, it is not only performance that needs
to be considered when choosing the best sampling scheme. Other aspects such
as network scheduling, effects of packet losses, need for good process models,
sample scheme parameter setting and the need of two-way communication are
also important factors. What we have done in the report is to evaluate the
different schemes with a goal to reduce communication without losing control
performance. These other aspects are unfortunately difficult to evaluate fur-
ther at this time, as much work still has to be done regarding wireless control
standard communication protocols.

According to the results from both simulations and real experiments, the
event-triggered scheme works best at both step response tests and run time
tests. But the self-triggered and slow periodic schemes are almost as good
when it comes to the test during normal operation which generally should be
the most important for the industry. Considering the other drawbacks of the
self-triggered scheme concluded in Table 2.1, event-triggered and slow period
schemes are the preferred candidates.

The parameters needed for the different schemes are not trivial to choose,
but the given method to adapt the threshold, see Section 2.5, reduces this
particular problem to choosing a factor of the standard deviation. With this, our
results indicate that we can get similar results for the same factor independent
of process and disturbance. It could, according to the simulations, be chosen to
be around 3− 5 and even be used for both the event-triggered scheme and the
self-triggered scheme, since ε has the same physical meaning. For the periodic
scheme it is not trivial to choose the sampling interval. It could be possible to
choose it as a fifth or some other factor of the closed-loop time constant as is
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common practice today, but that needs a process model or at least a step test
of the system.

According to the robustness test, the event-triggered scheme handled a model
uncertainty slightly better than the periodic and the self-triggered schemes.
This is a desired property if the controller is aggressively tuned and probably a
demand if it is supposed to be applied in the industry. It is intuitive that this
also should be the case, as the self-triggered and periodic schemes rely more on
the process models when choosing the sampling interval.

One problem that was encountered early in this project was that the integral
update approximation error grew large for slow sampling. This was easily fixed
with a simple limitation on the integral update that even resulted in better
performance than the true integral. This phenomenon is natural since the ap-
proximation error mostly leads to a larger integral and thereby stronger integral
action. However, stronger integration control is not necessarily desired even if
disturbances would be rejected quicker. If it was, the controller would most
likely have been tuned faster to begin with. A too fast controller may lead to
overcompensation and oscillating behavior. Knowing this, it would be better to
use the true integral instead of a limitation which could be calculated directly in
the sensor with a small approximation error, and with no need for extra tuning
of parameters. Another problem with the fixed integral limitation is to set the
limitation parameter hmax. According to our theoretical analysis it should be
set to the closed-loop time constant but that demands that a system model is
estimated or that a step response test is performed.

When comparing the different event-triggered schemes, it appears to always
be better with a condition on ∆e rather than e. It seems to give better per-
formance and also has the advantage of not needing the reference signal in the
sensor which means that there is little need for two-way communication. This is
not necessarily a specification but it may result in reduced communication. The
actual impact of two-way communication has not been studied in this thesis.
The effect would become especially large when the system is a slave in a cas-
caded structure and the reference changes continuously. The only scheme that
may possibly outperform type two of the ones that were tested is type three.
However, the results indicate that the difference in performance are very small
and type three also has the disadvantages of needing the reference signal in the
sensor and having an extra parameter to be tuned.

When comparing the self-triggered schemes they are almost the same mathe-
matically. The difference is that the first method yields longer sampling intervals
when the control error is close to zero and does not consider the derivative of
the system which the second method does. This could result in the system
overshooting, and thus the second method should be superior. The results seem
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to confirm this, even if the differences in performance are small. The big prob-
lem with the self-triggered methods is that they need a process model to be
estimated beforehand. They also need two-way communication where the first
method only needs the reference value in the sensor and the other method needs
the controller output or the means for calculating it. Perhaps the most devas-
tating property of the self-triggered scheme is that it completely breaks down
in the case of a packet loss. All fixes to this problem that we are aware of
essentially removes all advantages that the self-triggered scheme may have over
the event-triggered ones.

The third type of method that was studied was to simply use a slow periodic
sampling scheme. The big advantages with this method are that the theory
around it is well established and that it is easy to schedule the transmission
slots in a wireless network beforehand and avoid congestion. It is also easy
to detect packet losses as it is known beforehand when packets should arrive.
The disadvantage lies in the inflexibility in choosing sampling intervals. It will
therefore perform worse under circumstances where there is need for frequent
attention, like steps. This is also confirmed by the tests. A periodic scheme
that is slow enough to be close to the instability border probably also becomes
very sensitive to packet losses compared to the event-triggered scheme.

It seems that simply sampling slower but still with a periodic scheme will in
most cases not be outperformed by the newer sampling. During most control
runs, the disturbances are so evenly spread over time, that having a flexible
sampling interval gives only marginal improvement overall. The small differ-
ences in performance that has been observed in the studies presented in this
report may not be enough to motivate a complete system change in the way
control systems are sampled and controlled, nor the investment in resources
and research needed to do so. However, there are a few things that may turn
the tables. The more flexible schemes may perform better at rapidly changing
conditions like the start-up or shutdown of a system or in the case of a critical
disturbance with possibly devastating results. Thus, the flexible schemes may
offer a bit of extra safety. This would have to be tested further though. In
a comparison between the event-triggered and the self-triggered schemes, the
self-triggered schemes offer little. The only thing is that the time until next
sample can be predicted, and the communication may be scheduled in advance.
This would, however, need a lot of extra communication to transmit the new
sampling intervals over the network and is unlikely to be efficient. If one would
use the event-triggered scheme type two, with adaptive thresholds and sensor
integration, it also has an advantage over all the other methods when it comes
to simplicity in setup, as no parameters need to be tuned.

83



6.1 Conclusion

The results indicate that simply using a slower periodic scheme may reduce
as much communication without losing much performance as the more flexible
schemes. This would imply that investing further into the other schemes may
be of waste. However, using the event-triggered scheme type two with adaptive
thresholds and sensor integration may offer some advantages when it comes to
performance and simplicity in setup and maybe more importantly safety during
rapidly changing conditions. In fact it is very unlikely that a slow periodic
sampler giving the same communication reduction as the event-triggered scheme
would never be implemented on a real system, because of the safety issues.
The results in general are very positive with communication reductions of over
90% when using a well tuned base sampling interval and over 99% when the
comparison is made to the current implementation, all without significant loss
of performance.

6.2 Future research

As the work in this thesis really only has scratched the surface, a lot more will
have to be done before any competitive products can be achieved and even more
after that before they will be anywhere near their maximum performance. First
of all, the schemes have to be refined. The self-triggered scheme especially can
most likely be improved in many ways, but the performance of event-triggered
schemes could also benefit from small fixes addressing different possible prob-
lems. One of these fixes could be to develop an optimal way of choosing the
threshold ε adaptively as suggested in Section 2.5. It could also be desirable to
have an adaptive method that sets ε for a given control performance instead of
communication reduction. It should also be investigated whether more can be
said theoretically about the stability or other properties of the different schemes.
One thing that has not been studied in this report is the aliasing effect. It would
be interesting to study the improvements on the different scheme using aliasing
filtering.

We also see a need for more in-depth studies of what typical disturbance
sequences look like for different types of processes and how they affect the need
of sampling and choices of sampling parameters. The effects of different types
of processes, controllers and reference signals will also need to be studied more
in detail. An interesting path is to investigate if it is possible to adapt the
tuning of the controllers to improve performance or reduce communication even
more when using non-periodic sampling schemes. Advanced methods for gain-
scheduling could be a very interesting approach. It will also be interesting to see
the effect on the different schemes of even more rapidly changing conditions than
the ones tested in the experiments, to further help in the comparison between
them. An investigation of how common they are, and how important certain
performances are during those conditions would then also be needed.
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Some of the ideas presented in this report may in fact be of use, even in a wired
system. Sampling less often could reduce CPU load, which was in fact the main
reason for the earliest work on these sampling schemes. Also, sensor integration
could possibly provide more accurate integrals also for wired systems, if they
are not sampled excessively fast.

Finally, it has to be studied what is needed to implement the sampling schemes
in a real wireless system. This has not at all been part of this thesis but changes
to the current standards are very likely to be needed.
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