<]
TUDelft

Delft University of Technology

Determination of the correlation between soilborne pathogen inactivation and radio wave
exposure

Sturm, G. S.J.; Linnenbank, S.; Bonnet, J.; van der Wurff, A.; Koppert, A.

DOI
10.1080/08327823.2025.2454719

Publication date
2025

Document Version
Final published version

Published in
Journal of Microwave Power and Electromagnetic Energy

Citation (APA)

Sturm, G. S. J., Linnenbank, S., Bonnet, J., van der Wurff, A., & Koppert, A. (2025). Determination of the
correlation between soilborne pathogen inactivation and radio wave exposure. Journal of Microwave Power
and Electromagnetic Energy, 59(1), 46-74. https://doi.org/10.1080/08327823.2025.2454719

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1080/08327823.2025.2454719
https://doi.org/10.1080/08327823.2025.2454719

Green Open Access added to TU Delft Institutional Repository

'You share, we take care!’ - Taverne project

https://www.openaccess.nl/en/you-share-we-take-care

Otherwise as indicated in the copyright section: the publisher
is the copyright holder of this work and the author uses the
Dutch legislation to make this work public.



Taylor & Francis
Taylor & Francis Group

THE JOURNAL OF

st Journal of Microwave Power and Electromagnetic Energy

Volumsa 53, Mumber 1. 7035

& Putsication of e
International Microwave Power instite

ISSN: (Print) (Online) Journal homepage: www.tandfonline.com/journals/tpee20

Determination of the correlation between soilborne
pathogen inactivation and radio wave exposure

G. S. ). Sturm, S. Linnenbank, J. Bonnet, A. van der Wurff & A. Koppert

To cite this article: G. S. . Sturm, S. Linnenbank, J. Bonnet, A. van der Wurff & A. Koppert
(2025) Determination of the correlation between soilborne pathogen inactivation and radio
wave exposure, Journal of Microwave Power and Electromagnetic Energy, 59:1, 46-74, DOI:
10.1080/08327823.2025.2454719

To link to this article: https://doi.org/10.1080/08327823.2025.2454719

ﬁ Published online: 27 Jan 2025.

\]
[:J/ Submit your article to this journal &

||I| Article views: 28

A
h View related articles &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=tpee20


https://www.tandfonline.com/journals/tpee20?src=pdf
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/08327823.2025.2454719
https://doi.org/10.1080/08327823.2025.2454719
https://www.tandfonline.com/action/authorSubmission?journalCode=tpee20&show=instructions&src=pdf
https://www.tandfonline.com/action/authorSubmission?journalCode=tpee20&show=instructions&src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08327823.2025.2454719?src=pdf
https://www.tandfonline.com/doi/mlt/10.1080/08327823.2025.2454719?src=pdf
https://www.tandfonline.com/action/journalInformation?journalCode=tpee20

JOURNAL OF MICROWAVE POWER AND ELECTROMAGNETIC ENERGY
2025, VOL. 59, NO. 1, 46-74
https://doi.org/10.1080/08327823.2025.2454719

Taylor & Francis
Taylor & Francis Group

‘ W) Check for updates‘

RESEARCH ARTICLE

Determination of the correlation between soilborne
pathogen inactivation and radio wave exposure

G. S. J. Sturm? @), S. Linnenbank? @), J. Bonnet, A. van der Wurffd

and A. Koppert®

aProcess & Energy department, Delft University of Technology, Delft, The Netherlands; "Koppert
Machines B.V., Monster, The Netherlands; <Stichting Control in Food & Flowers, Delfgauw, The
Netherlands; 9Groen Agro Control, Delfgauw, The Netherlands

ARTICLE HISTORY
Received 13 March 2024
Accepted 26 November
2024

ABSTRACT

Radio wave treatment is considered as an alternative for steam
treatment of soil in glasshouse horticulture for pathogen suppres-
sion. In principle, radio wave treatment can be selectively focused

on localized infestations, as well as accommodate renewable KEYWORDS

energy sources. It may therefore help to significantly reduce fossil
fuel consumption for soil treatment in greenhouse horticulture. A
prototype treatment system has been developed prior to this
study. Following this system’s development, the next step is to
develop optimum treatment strategies for its application. To this

Horticulture soil
treatment; pathogen
suppression; radio wave
treatment; development
of experimental
methodology

end, this study presents the development of an experimental
method to perform quantified experimentation at laboratory scale
on pathogen infested soil samples. The study is an interdisciplinary
approach that merges respective contributions from microwave
engineering, control engineering, and phytopathology. The design
requirements for the experimental system are outlined. The design
of the layout of the apparatus, computer simulations to optimize
its geometry, and the design of power and temperature control are
discussed. The study is finalized by reporting a demonstration of
the experimental method.

Introduction

At present, steam treatment is employed for pathogen suppression in the context of
open soil glasshouse horticulture. This method involves manually placing a large
sheet over the soil bed, and injecting steam under this sheet over the course of
hours (Dabbene et al. 2003; Bollen 1969). This method has several drawbacks. It is
energy-intensive, having a fuel requirement of 4 to 6 cubic meters of natural gas
per square meter of soil per treatment, or the equivalent energy demand in liquid
fossil fuel. Moreover, in the context of the global energy transition, this particular
usage of fossil fuel will become progressively more undesired, potentially even
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restricted. In addition, a shift to renewable electric sources has the inconvenience
that a fluctuating source of renewable energy may not be able to keep the steam
sheet inflated by a continuous steam supply, which may compromise the full treat-
ment of the entire soil bed. Moreover, steam treatment is a labour-intensive process
as the sheet is placed and removed manually, which cannot be automated.

In this context, an alternative technology named Agritron has been developed by
Koppert Machines that employs radio wave heating of soil (Koppert Machines 2014;
Figure 1). The photograph shows the prototype in operation. As it drives over soil,
a magnetron in this vehicle generates a radio wave field in the 915 MHz ISM fre-
quency band (International Telecommunication Union 2020) up to 100kW of output
power; horn antennas direct the field into the soil where the radio wave energy is
converted into heat via dielectric heat generation. The inset figure (Figure 1) presents
a thermogram (FLIR A655sc with 24.6mm T197922 lens) that shows the path of
elevated temperature that trails the vehicle. This treatment concept in principle
avoids the shortcomings of steam treatment. It operates on electricity, which is
compatible with renewable energy sources. Moreover, in principle, it can accommo-
date fluctuating renewable sources; adjusting the velocity of the vehicle during
treatment enables it to maintain a consistent application of radio wave energy per
unit treatment path length. As such, in addition to a potential solution for soil
treatment, it might also be applicable as a demand response application. Such appli-
cation facilitates stabilization of the electrical grid (Conchado and Linares 2012),
for which electricity is traded on the intraday and imbalance markets (Agro Energy
2017; Welle 2016). Moreover, the treatment process is in principle amenable for
automation, which would minimize the labour requirement.

The prototype treatment system is effective as it enables the suppression of unde-
sired organisms in the soil. This leads to a new question: how to apply this tech-
nology? Analogous to a domestic microwave oven: the oven by itself does not make
a meal, ingredients and recipes are also needed. The radio wave treatment system

Figure 1. Agritron prototype in operation. The thermogram was recorded with a FLIR A655sc
with a 24.6 mm T197922 lens.
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for soil requires a protocol for effective operation. In other words, it also needs
a recipe.

Study context

The direct context of this study is two prior studies (Sturm et al. 2023, 2024) in
which we develop a numerical simulation of the radio wave treatment process to
ultimately facilitate the development of treatment protocols. We explore the treatment
process by means of this simulation, and we have found for example that variations
in transport phenomena do not strongly affect treatment effectiveness, and it con-
firms the feasibility of the aforementioned adjustment of the vehicle velocity to
compensate for electric power fluctuations.

One limiting factor that we encountered was the lack of quantified experimental
data on the biological interactions. Such data would be essential for accurate sim-
ulation of the treatment process. Instead of a comprehensive biology description,
only a placeholder model could be used in our prior studies based on a simple
Arrhenius expression for pathogen inactivation.

To address this matter, we present in this present study the development of an
experimental apparatus that allows us to quantifiably replicate the treatment condi-
tions as they occur in soil during treatment with the Agritron treatment system.
Figure 2 presents this purpose-built experimental apparatus, the TE,,, WR975
Experiment for Inactivation Kinetics (TWEIK).

The TwEIK-apparatus is a complementary development to the Agritron soil treat-
ment system. The development of the apparatus is motivated by: 1) the desire for
quantified correlations between radio wave exposure and biological responses; 2) a
desire for experimentation at reduced cost and a more rapid rate of data generation
as compared to field trials with the Agritron treatment system; and 3) the desire
to perform experimentation on risk-bearing pathogens in a controlled laboratory
environment so as to avoid contamination risks.

Figure 2. TE,,, WR975 experiment for inactivation kinetics (TweiK).
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Background

By observing that there is a lack of experimental data for the specific application
that we are developing, we do not mean to say that there is no data at all. On the
contrary, much useful insight can be gained from prior research efforts. The first
field of research that must be mentioned here is the topic of soil solarization. In
the book on soil solarization edited by Katan and Devay (1991a), these authors
mention in one of their own contributions (Katan and Devay 1991b) non-monotonic
and interdependent biological interactions. They emphasize caution on ‘disturbing
the biological balance’ Their co-contributors Griffin and Baker (1991) and Chen
et al. (1991) speak of ‘the boomerang effect’ in which excessive treatment results
in an opportunity for pathogens to reinfest. Similar mechanisms are described by
Roux-Michollet et al. (2010) in the context of steam treatment, where it is hypoth-
esized that the slow dynamics of steam treatment permit time for bacteria to employ
survival mechanisms against elevated temperatures. The result would be a subsequent
opportunistic reinfestation. From these studies, it already follows that the biological
processes that are at play must be expected to be considerably more complicated
than mere monotonic inactivation behaviour of a single pathogen. Models for these
processes would require for example: the inclusion of species behaviour - both
pathogens and useful species; interactions between different species; and the avail-
ability of nutrients.

With respect to radio wave treatment in agriculture, much work has been done
in past studies. The earliest studies data back to the 1950s to 1970s. Eglitis et al.
(1956) and Eglitis and Johnson (1970) report on the suppression of Pythium in soil
with a radio frequency field at 27 MHz. Seaman and Wallen (1967) report on the
suppression of several seed-borne pathogens by means of a radio frequency fields
of 59 and 94 MHz. Higher frequencies are explored for example by O’Bannon and
Good (1971) and Barker et al. (1972) who apply the frequency of 2450 MHz to
several pathogens. The frequency band of the radio wave field is clearly an important
design parameter, so it is fitting that Nelson and Stetson (1974) report on a com-
parative study between the VHF and UHF bands at 39 MHz and 2450 MHz, respec-
tively. They report on controlling an insect species (S. oryzae), and conclude that
the lower frequency band of 39 MHz shows better potential for selective heating of
insects. In the 1970s also the first applicator designs for treatment of a bed of soil
appear as Menges and Wayland (1974) and Wayland et al. (1975) report on the
development of such applicators that radiate at 2450 MHz onto soil for weed control.
A study by Ferriss (1984) at this frequency mentions that microwave energy is
effective, though only at small scale. Nevertheless a review by Nelson (1996) includes
several works on soil treatment with electromagnetic fields, most involving a fre-
quency of 2450 MHz and a few at 27 MHz or 40 MHz. Generally, the frequency of
2450 MHz appears to be in favour for experimental studies, presumably because of
the availability of heating equipment that operates at this frequency. For example,
other more recent studies that consider this frequency include: Rasing and Jansen
(2007), who demonstrate the effectiveness of electromagnetic heating on potting soil
and agricultural substrates; Brodie and co-workers (Brodie et al. 2012, 2015, 2020a,
Khan et al. 2016), who investigate the utilization of microwave exposure for pest
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control, weed management, and wheat preparation; Abbey et al. (2017), who report
on the bioavailability of nutrients in response to microwave exposure; Miler and
Kulus (2018), who report on mutation breeding of chrysanthemum under microwave
exposure; and Mahdi et al. (2021), who report on the effect of microwave exposure
on bacteria, fungi, and growth characteristics. The recurring selection of the 2450 MHz
frequency in literature can be justified by the availability and familiarity of the
associated equipment, in particular when the intended applications aims for a shallow
treatment effect, or if the particular study is limited to a proof-of-concept scope.
For applications like soil treatment that aim to treat larger volumes, the longer
wavelength and treatment depth of a field at 915 MHz is more appropriate though.
In addition, 915 MHz fields can be generated at higher power and better efficiency
than 2450 MHz (personal communication with Radoiu 2011; Meredith 1998).

These considerations directed the selection of the 915 MHz band for the Agritron
treatment system. Recently, more studies have appeared that consider this frequency
range, such as Tkalec et al. (2009) (both 400 MHz and 900 MHz), Maynaud et al.
(2019) (915MHz), Hess et al. (2018, 2019) (915MHz), and Brodie et al. (2020b)
(both 2450 MHz and 922 MHz).

In order to replicate the conditions in soil during treatment with the Agritron
system, we could not rely on of-the-shelf experimental microwave devices. The
frequency band that they operate in does not match the one that is employed by
this treatment system. This by itself could motivate the development of an experi-
mental apparatus that enables experimentation at 915MHz. However, there are
additional drawbacks to of-the-shelf experimental laboratory systems. Typical of-the-
shelf laboratory microwave heating devices (e.g. CEM Corporation 2020; Anton Paar
GmbH 2021; Milestone Srl 2021) do not provide any particular control over the
spatial distribution of radio wave energy (Sturm et al. 2012), nor allow recording
of the total transmission of energy (Sturm et al. 2013a). Furthermore, accurate
temperature measurement in these devices is a long-standing topic of debate (Kappe
2013). Note that this is no objection if the particular experimental device is used
for its intended purpose, i.e. to provide convenient lab-scale heating, it only becomes
an issue once precision is required in the application of radio frequency energy.

Study objectives and outline

The primary objective of this study is the creation of an experimental apparatus to
replicate the conditions in soil during treatment with the Agritron radio wave treat-
ment system, in particular the conditions during radio wave exposure. In addition,
we demonstrate the resulting apparatus, the TE,,, WR975 Experiment for Inactivation
Kinetics (TWEIK) apparatus, in order to advance the development of experimental
protocols to explore the correlation between radio wave exposure and biological
response in soil. As mentioned before, the main advantages that we see for this
laboratory-scale experimental system are: better-quantified correlation; reduced
expense, and larger volume of data generation as compared to field trials with the
Agritron system; and a controlled environment to safely experiment with risk-bearing
soil-borne pathogens.
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We intend to report our findings such that the design and development of our
experimental system can be replicated and elaborated upon in a multi-disciplinary
setting. This article therefore discusses first the requirements for the apparatus in
detail, which is followed by a description of the physical aspects of the apparatus
design. These aspects are: the sample holder; the design of the radio wave circuit,
the selection of the solid-state radio wave generator, numerical simulation to establish
a tuning recommendation for the radio wave circuit, and a discussion on extended
experimentation following the radio wave exposure. Subsequent to the physical design
of the apparatus, the control system for radio wave application is discussed. We explain
our preference for a more advanced predictive control arrangement, instead of a more
typical arrangement of PID-control with a feedforward loop. Finally, we demonstrate
the experimental methodology for which the apparatus is developed. We first demon-
strate its ability to replicate the temperature transients that occur during radio wave
exposure by the Agritron treatment system. Subsequently, we demonstrate experimental
procedures to assess the sensitivity of a nematodes species (S. feltiae) to the exposure
profile of the Agritron treatment system as replicated by the TwEeIk-apparatus.

Requirements for the experimental apparatus

The main purpose of the experimental apparatus is to replicate the conditions in
soil during treatment with the Agritron system to establish quantified correlations
between radio wave exposure and biological effects in the exposed soil samples. To
establish a description of what the conditions in the soil during treatment are, a
temperature transient (Figure 3, left) is measured in a bed of soil during a field
trial with the Agritron system. The measurement was performed with a fibreoptic
sensor, i.e. a Rugged Monitoring Lsens-U sensor, which was positioned at a depth
of 20mm centered under one of the horn antennas of the prototype. This particular
type of sensor is used because it tolerates the high-intensity radio wave field and
because it is sufficiently mechanically robust to endure the test conditions.

In addition to the temperature transient, a transient for the rate-of-change of
temperature per unit time is calculated (Figure 3, right). Temperature rate-of-change
is closely related to the heat generation process. By approximation the two are
proportional, provided that the dynamics of heat transfer are ignored. The rate-of-
change graph therefore describes the progression of heat generation; it suggests that
the application of radio wave energy follows a triangular profile. Specifically, the
trend is that the temperature rate-of-change curve initially rises at an approximately
constant rate up to a maximum. After reaching this maximum, the temperature
rate-of-change initially drops at about the same rate as it was rising. Eventually, the
curve deviates from a purely triangular profile and forms a decaying tail due to the
dynamics of heat transfer. In total, heating lasts for approximately 120 s.

The operating frequency of the Agritron system is in the 915MHz ISM frequency
band, and therefore, our experimental system needs to operate at the same frequency.
The exposure needs to be defined primarily in terms of temperature so as to enable
correlation to kinetic studies on pathogen inactivation (Peleg et al. 2012; Fujikawa and
Itoh 1998; Pullman et al. 1981). In addition, another relevant measure would be the
amount of radio wave energy expended per unit mass of soil, as this is an important
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Figure 3. Temperature transient (left) was acquired during a field trial; from this transient a
temperature rate-of-change graph was calculated (right). The data were recorded with a Rugged
Monitoring Lsens-U fiber optic sensor, which was positioned at a depth of 20mm in the soil
under the path of the centerline of one of the horn antennas.

parameter in determining the viability of an energy-intensive process like radio wave
treatment. A final requirement is the need to heat a sufficiently large volume of soil
in order to facilitate biological tests. We ultimately performed our demonstration on
nematodes, and we selected the Oostenbrink elutriator for final sample analysis, pri-
marily because of its availability. Selecting another analysis method would not have
allowed for a much smaller minimum volume though, since all suitable methods have
sample sizes of the same 100-1000ml order of magnitude as reported by OEPP/EPPO
(2013). A minimum sample volume requirement was decided upon at the lower end
of this range at 100ml (personal communication with Keidel 2019).

Physical apparatus design

The aspects of the apparatus design that are presented in this section are the design
of the radio wave circuit, the design of the sample holder, the selection of the radio
wave generator, and the tuning recommendation for the tuning elements of the radio
wave circuit. The dimensioning of the apparatus is not performed for each aspect
separately but instead, an integrated design is developed via numerical simulation.

Sample holder

The minimum volume requirement of 100 ml poses a challenge. Due to the spatial
size of standing wave patterns in a resonant cavity, the volume in which the heat
generation is distributed uniformly will always be restricted to some degree. This
depends on the geometry and the dielectric permittivity of the objects that interact
with the standing wave field. Nevertheless, uniformity is an important criterion for
out experimental system. Specifically, if the heating rate were to be unevenly dis-
tributed, then the temperature distribution would also be distributed unevenly, and
this distribution effect would obscure the correlation between the temperature of
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the soil sample and the inactivation of the pathogen population. For example, a
situation may occur in which the main temperature development occurs only locally
in the vicinity of a temperature sensor. In that case, colder zones will remain unde-
tected, in which the pathogen population in the test sample is inadequately exposed
to an elevated temperature. In such a case, the correlation between radio wave
exposure and temperature versus the pathogen effect appears unfavourable, since
more pathogens remain than would be expected for the seemingly well-exposed sample.

To illustrate the physical limitation on the uniformity of the radio wave exposure of
a sample for our present design case, we apply the analysis in Sturm et al. (2010) on a
soil sample with a real relative permittivity value of 20 and a uniformity requirement of
70%. From that analysis, it follows that we would have maximally a feasible sample
volume of only 42ml. This conflicts with the minimum volume requirement of 100 ml.

This is an unfortunate limitation of a stationary oscillating resonant field. It is
physically impossible to uniformly distribute instantaneous heat generation from a
915MHz resonant field over a volume of 100ml. For the design of the TwEik-apparatus,
therefore, we opted for a trade-off by placing the soil sample on a rotating platform.
This may cause the heat generation in a specific location in the soil sample to cycle
with the rotation, but on a time-averaged basis, heat generation and temperature
are made uniform in the direction tangential to the axis of rotation. This helps to
reach the best degree of uniformity that is feasible under the 100 ml requirement.

More advanced alternative design concepts may be considered for future devel-
opments that manipulate the spatial distribution of the standing wave field around
a sample holder. Active mode convertors may cycle through a series of modal
patterns that are excited in the cavity such that the time-average heating rate dis-
tribution is uniformly distributed in the sample. For example, an arrangement could
be conceived in which the high-intensity electric field component is made to rotate
around the sample, instead of rotating the sample with respect to the field as is the
case in our apparatus. Such arrangement would demand a much higher degree of
complexity on the radio frequency system, though. Nevertheless, it may potentially
enable a much higher rate of relative rotation between sample and field, and could
in principle allow for a higher degree of flexibility of temperature sensor placement.
For our present design case, however, the limitations of a rotating platform are no
impediment. Therefore we opted for this simpler arrangement.

The sample holder (Figure 4) is axially symmetric to accommodate the redistri-
bution of radio wave energy through rotation when it is placed on the rotating
platform inside the resonant cavity. In addition, the sample volume contained by the
sample holder has a rounded top and bottom to improve the uniformity of the radio
wave field in the sample volume. The volume holds 104.5ml of soil, which satisfies
the minimum volume requirement. The rotation speed is set to 25 rotations per minute.

These sample holders are machined from polyethylene because of its low dielectric
loss factor. Specifically the complex relative permittivity as reported by Meredith
(1998) is 2.25-0.0005i, the latter imaginary term being the loss factor, which is
indeed rather low. Because it has this low value, only a very small amount of par-
asitic electromagnetic dissipation is expected to occur in the wall of the sample
holder, so that this does not influence the experiment. Essentially all heat generation
due to radio wave dissipation occurs in the soil sample itself.
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Figure 4. Left: position of sample holder in Twek-apparatus, right: dimensions of sample holder.

An important note has to be made here regarding the grade of polyethylene that
is used to machine the sample holders form. Various grades in terms of molecular
weight are available, but also varieties that contain additives to improve the mechan-
ical properties of the material. We found an important difference between two
varieties of polyethylene that are distinguished by their colour. One has the natural
white colour, while the other is black due to additives in the material. Dielectric
properties measurements lead us to recommend against the use of the black variety
for this application, because the additives significantly increase the loss factor.

This dielectric properties measurement has been performed with an Agilent 85070E
Performance Probe in combination with an Agilent E5071C network analyser and
an Agilent N4691B ECal module. Both varieties of polyethylene have been assessed
over the relevant temperature range of 20°C to 85°C. The precision of the measure-
ment was limited by the contact that could be maintained between the probe and
the sample under test. Nevertheless, it was found that the white variety would have
a real relative permittivity value of 1.9 to 2.05, and a dielectric loss factor that is
too low to be measured reliably, which corresponds loosely with the literature value
(Meredith, 1998). The black variety of polyethylene, however, presented a real relative
permittivity value of 2.5-3.04 and a loss factor of ~0.15. This suggests at least qual-
itatively that - despite the measurement inaccuracy - the additives in the black
variety have significantly increased the loss factor to such a degree that this material
cannot be considered a low loss material. Hence, parasitic absorption of radio wave
energy inside the wall of the sample holder is to be expected, which would make
this material an unsuitable option to manufacture sample holders from.

Circuit design

The radio wave circuit of the experimental apparatus is based on a standard sized
rectangular waveguide, i.e. the WR975 standard waveguide size. For a recent overview
of these standards, see for example Nickel (2022). Using standard waveguide elements
allows utilization of the wide variety of available of-the-shelf microwave or radio
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Figure 5. Schematic of the layout of the setup.

wave circuit elements, while permitting flexibility with respect to the exact design
configuration. Moreover, the radio wave field forms a single-moded predicable TE,,,
standing wave pattern (Pozar 2005) inside this waveguide. Appropriate tuning elements
incorporated in a cavity design of this type allow for manipulation of the standing
wave field to optimize uniformity and power transmission as will be explained below.

The schematic in Figure 5 shows the configuration of the radio wave circuit.
From left to right, there is the antenna that couples the radio wave field that is
generated by the generator into the cavity, then there are subsequently, the imped-
ance transformer, the sample on its rotating platform, and the reflector. The purpose
of the impedance transformer is to minimize reflection losses from the cavity back
towards the generator. A global description of its working principle is as follows.
Radio wave fields generally scatter — or reflect — off the objects that they interact
with. As the field is transmitted into the cavity, one can expect that a large portion
of its energy to be reflected back towards the generator if no particular measures
are taken to avoid this. This is known as reflection loss. The purpose of the
impedance transformer is to create additional reflections that interfere destructively
with the reflections that are already present, thereby minimizing the resulting
reverse wave, which minimizes the reflection loss. Next in the resonant cavity is
the section in which the sample is placed. As explained, the sample is contained
in a sample holder that is placed on a rotating platform. Above it, there is a
quickly removable lid with a through hole for a fibreoptic temperature sensor. This
is the primary temperature sensor to record the sample temperature. It is a Rugged
Monitoring Lsens-T sensor, positioned inside the sample with a borosilicate sensor
holder tube. In addition, a secondary temperature sensor is mounted in the lid.
This is an infrared temperature sensor (Optris CT) that records the temperature
of the top of the soil sample. The final element of the resonant cavity is the vari-
able reflector that enables positioning of the radio wave field.

Radio wave generator

Up to recent years, all commercially available generators were based on magne-
tron technology. That type of generator in the 915 MHz band is less suitable for
the purposes intended here, as it is large, expensive, and outputs too much power.
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However, in recent times, generators have emerged that are based on solid state
technology, which provides a more suitable radio frequency source (Werner 2020;
Aguilar Garib 2022; Brown 2022). This has opened up possibilities for laboratory
scale experimentation, in particular at this frequency. A PinkRF MPG1000L solid
state generator is installed in the TwEIk-apparatus. This generator provides radio
wave power at a variable frequency in a band from 902 to 928 MHz at a power
that is continuously variable between 0 and 1kW. A Siglent SVA1015X spectrum
analyser/VNA is used to confirm that the radio wave field is generated in
a<1MHz band around the set frequency. An additional advantage of solid state
generators is that they enable precise measurement and control of the forward
and reflected radio wave power, which thus allows for improved monitoring of
the overall energy balance. A final useful feature that this particular generator
has, is that it allows for pulse width modulation so that the effect of a ripple
in the power output on the soil treatment process can be mimicked if so desired
for evaluation.

Design dimensioning through numeric simulation

To optimize the design of the experimental system, the radio wave field and heat
generation are simulated in ComsoL Multiphysics 5.5 (COMSOL AB 2019; Figure 6).
The simulation is used to determine several design variables. The first set of vari-
ables is the exact geometry of the sample holder as described above. Furthermore,

Figure 6. Simulation of electromagnetic field (left) and heat transfer (right) in sample holder. The
vector fields in the left figure show the electric (red) and magnetic (blue) field in the waveguide
cavity to illustrate the morphology of radio wave field in the TE,,, mode. This mode is the fun-
damental one, all other modes are suppressed for an appropriately chosen waveguide size and
frequency. The designation TE,,, means that the electric field vector is perpendicular to the length
of the waveguide, and that the standing wave field has one field maximum over the width of
the waveguide, zero maxima over the height making it invariant in that direction, and an arbitrary
number n along the length of the waveguide. Note that this rendering has the view on electric
and magnetic components split over the two halves of the waveguide. It is displayed in this
manner for clarity so that the field morphologies can be apprised better, while in reality both
field components stretch over the entire cavity volume.
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simulation is used to determine the optimum reflector position for the best unifor-
mity of heat generation in the soil sample. Finally, simulation is used to find the
position for the fibreoptic temperature sensor in the sample that best matches the
average temperature of the sample during the heating cycle.

The equation that is used to simulate the radio wave field is the time-harmonic
Helmholtz wave equation for the electric field vector E,

VXL(VxE)—kg(g,)Ezo (1)
Ho

The coupled magnetic field can be derived from the electric field if needed. The
media under consideration have no particular magnetic properties, so the magnetic
permittivity of vacuum (g, = 47-10~7 H/m) is applied throughout these simulations.
The symbol k, is the wave number of free space, k, = w/c,, where w is the angular
frequency (27:915MHz = 5.75-10°rad/s). The medium parameter that affects the
radio wave field is the relative dielectric permittivity. Since a time-harmonic repre-
sentation is used for the electromagnetic interactions, the medium properties are
expressed as a complex valued parameter,

g, =g’ —ig" (2)

The real valued part of the permittivity (¢') accounts for the amount of electrical
energy stored per unit volume of the medium at a particular field strength, while
the imaginary part (") represents the dissipation of electrical energy into heat. Heat
generation is calculated through Eq. (3),

1 *
Qur =§w808”E~E (3)

The symbol ¢, is the vacuum permittivity (~8.85419-107'> F/m). Heat transfer is
implemented through the equation for heat conduction,

pC,0,T+V-(—kVT)=Qy (4)

A redistribution function is implemented on the distribution of heat generation
to account for the rotation of the sample. The thermophysical parameters are obtained
from Mills (1999) and are 2W/mK for the thermal conductivity of soil (x), 1800kg/
m’ for the density of soil (p), and 2280]/kgK for the heat capacity (C,). The prop-
erties for borosilicate glass of the sensor holder, polyethylene for the sample holder,
and stagnant air in the sensor holders are implemented via the materials library of
ComsoL Multiphysics. A heat transfer coefficient of 20 W/m?K is applied to the
outside of the sample holder as an earlier study revealed this to be a good rule of
thumb value for objects that are heated in metallic applicator cavities of comparable
dimensions (Sturm et al. 2013b).

Four cases are simulated to decide the aforementioned design parameters. The
cases are differentiated by the dielectric properties of the soil samples. These
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properties are determined both through personal communication with J.F. Rochas
(2021) on prior measurements, as well as through a new series of measurements
on soil samples. The new measurements are performed with the same instrumen-
tation as mentioned above (85070E Performance Probe, E5071C network analyser,
N4691B ECal module, all manufactured by Agilent). The dielectric medium properties
are measured of several soil samples that have been provided by horticulture growers.
The resulting relative dielectric permittivity values are 2.03-0.1827i, 8- 1.6i,
12.9-2.86i, and 19.6—4.57i.
The outcome of the simulation study is outlined as follows,

o The optimum position of a fibre optic temperature sensor is 102 mm above
the cavity floor.

o The sample holder geometry is as described in Figure 4.

o Finally, an optimum tuning recommendation for the reflector is
developed.

The recommendation for optimum tuning is applied as follows. First the sample to
which the radio wave circuit is tuned is placed in the cavity without impedance trans-
former. The reflector is swept over its stroke while the generator is sending a low
power signal to record the reflected power fraction. Subsequently the reflector position
is determined that minimizes the reflected power fraction. For optimum uniformity of
heating the reflector position is shifted a distance of 1/8 times the phase wavelength
away from the sample. This amounts to a distance of 55mm. The impedance trans-
former is then placed back into the cavity, and tuned to minimize the reflected power
fraction; a reflected power fraction of around 10% is achieved for typical soil samples.

The four simulation cases each yield a set of temperature transients that aim for
a final temperature of 70°C, and are reached with a triangular profile, as described
in the section on requirements (Figure 7). These simulations apply the tuning rec-
ommendation as described above. The graphs show the sensor temperature, as well
as the average sample temperature with an indication of the average absolute devi-
ation of the temperature field in the sample with respect to the average temperature.
It can be observed that with higher dielectric permittivity the spread in sample
temperature increases. Over the four simulated cases, the sensor temperature falls
both above and below the average temperature, so a systematic error in one par-
ticular direction is avoided. In addition, after 120s of heating, the sensor temperature
approximates the average temperature, so for the overall treatment the sensor reading
is an adequate quantification of the treatment intensity.

Conductive heat transfer out of the sample and sample holder will always concur
with a temperature gradient inside the soil sample. Moreover, the variability of the
electromagnetic medium properties of soil samples forms a disturbance on the heating
process. Perfect temperature uniformity is therefore physically infeasible. Consequently,
the geometry design and tuning recommendation form a compromise that allow for
adequate agreement between the sensor reading and the average temperature of the
soil sample. Better agreement between sensor temperature and sample temperature,
and better sample temperature uniformity may in principle be feasible, but only if
the requirement for a minimum sample volume of 100 ml is relaxed.
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Figure 7. Simulated temperature transients of four soil samples heated in the Tweik-apparatus.
The respective dielectric medium properties of the four samples are included in the graph; the
thermophysical parameters of the samples in the respective simulations are identical and are as
presented in the main body text. In these simulations, the reflector position is tuned in accordance
with the tuning recommendation that is described in the main body of the text, and the sensor
is positioned in the position of the final design.

Post-exposure effects

For the minutes to hours after radio wave exposure, the conditions of the radio
wave treatment as performed in a horticulture operation cannot be uniquely defined.
For example, during the treatment process with the Agritron, the top layer of soil
loses heat to the surrounding air, causing it to cool down relatively quickly. In
contrast, deeper soil layers initially are shielded by the higher layers, so they do
not heat up as much as the higher layers. After radio wave exposure, however, they
receive heat from the hotter higher layers. Consequently, in deeper soil layers, tem-
peratures first rises quickly due to radio wave exposure, but not as much as higher
layers; then they experience a gradual temperature increase due to heat transfer
from higher layers, before finally slowly cooling back to ambient temperature. In
conclusion different vertical positions in soil experience qualitatively different long
term temperature transients. It must be noted though, that our past studies (Sturm
et al. 2023, 2024) suggest that the post-exposure long term temperature transients
have marginal influence on the effectiveness of the treatment.
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The TwEIk-apparatus is not well-suited to replicate these long term temperature
dynamics. Not least because it holds a relatively small soil volume in a metallic
cavity, which creates an environment that draws out heat from the sample much
more readily than a soil bed in a glasshouse environment. In case experimental
evaluation post-exposure over longer time periods is desired, we recommend aug-
menting the experimental system with a programmable thermostatic bath. As such,
soil samples in their holders can be relocated directly after a radio wave heating
cycle into this bath so that a desired long term temperature profile can be applied
to the soil sample. This would enable ample flexibility with respect to the desired
long term temperature transients.

Temperature control system design

The requirements for the temperature control system are to apply radio wave power
in a triangular profile to reach a pre-determined temperature in the sample in a
time interval of 120s. It may appear to be a simple single-input single-output control
problem, though there are complicating factors.

A few issues relate to the manner in which the sensor is positioned in a glass
sensor holder. This sensor holder is a glass tube, 3.5mm inner diameter, in which
a round bottom is made. It sticks into the soil sample at a fixed position, and it
rotates with the soil sample, but the sensor does not. The sensor is grabbed by a
rubber pad above the sensor holder, which presses it downward under a slight force,
so that the tip of the sensor contacts the bottom of the sensor holder. Consequently,
the sensor is in permanent contact with the bottom of the sensor holder, while the
sensor holder loosely fits around it, so that this holder can freely rotate around the
sensor. In this manner the position of the sensor is fixed, and the rotation of the
soil sample is accommodated.

Nevertheless, the contact of the sensor with the wall of the sensor holder is not
particularly intimate. In addition, the contact of the sensor varies as the sensor
holder rotates around it. This causes a degree of sensor noise, as well as a delayed
measurement response.

Another matter that needs to be accommodated is the zero power constraint of
the radio wave generator, i.e. power cannot be negative.

Two control techniques have been applied to this control problem: PID control
with PD feedforward, and model predictive control. The former might be considered
an acceptable first design attempt, though nevertheless we would not recommend
it. The latter technique is a more advanced method that ultimately proved more
successful. Both are discussed here as both could be considered adequate, though
the latter more so than the other one.

PID control

The first approach that is attempted for the control system design is a classical PID
feedback controller (described in many textbooks, including tuning methods, e.g.
Ogata 2002, or Franklin et al. 1994), with PD feedforward. Please refer to the sche-
matic of the control system in Figure 8. The feedback loop first calculates the
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Figure 8. Schematic of PID control.

difference of the signal that provides the desired temperature reference signal with
the measured actual temperature. This difference is then subjected to a proportional
gain, an integration operation, and a differentiation operation. The results of the
respective operations are summed, and the resulting sum is in many control prob-
lems directly used as the manipulated input variable for the process that is being
controlled. Three tuning factors - K_;, 7;;, and 14, — are used to multiply the signals
with to tune the controller for a particular performance.

The three different actions of this type of controller have different purposes, the
proportional action has a stabilizing effect and makes the controller act quickly; the
integral action regulates the error between measurement and reference signal to
zero over time, but may cause controller instability; and the differentiating action
corrects dynamic error variations and also dampens instabilities.

In practice, a PID controller is often tuned heuristically or by applying a tuning
method like the Ziegler-Nichols tuning method. The aforementioned reference
materials include descriptions of common tuning methods. For this particular
application though, a stable and sufficiently performant closed loop PID feedback
controller could not be so readily achieved. The issues with the sensor mounting
are the cause of this. The time delay in the response tends to cause instability by
repeated overcorrection, and the continually varying sensor contact hampers the
tuning process. Therefore a more involved method was applied. First via
non-parametric system identification (Ljung 1999) a frequency response of the
system was obtained, which was then used to fit the open loop Nyquist curve to
a performance characteristic that was defined by M-circles. Refer to reference
material for a detailed description, for example Ogata (2002) provides a good
description of these mathematical tuning aides. In the tuning procedure that we
applied, the maximum closed loop overshoot was traded with bandwidth until a
satisfactory response was obtained.

Finally, integrator anti-windup was applied to the integrating action of the feed-
back controller. Instances may occur in which the zero power constraint is exceeded.
In such cases, the anti-windup resets the integrator so that the controller output
signal remains within the actuation range of the generator.
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In addition to a feedback controller, a feedforward PD-loop is was also included
as is shown in the schematic. This control loop receives the reference signal for
temperature and uses this to predict the radio wave power signal for which the
temperature response approximates the desired reference trajectory. In this arrange-
ment, the feedforward and feedback loops are complementary. The former enables
a quick response to a change in reference signal, while the latter regulates the
difference between temperature reference and measurement to zero. An approximate
first order response was derived from the step response of the system, which was
used to define the control parameters: K _; is the inverse of the approximate first
order steady state gain, and T4, equals the time constant of the first order
approximation.

The temperature reference signal consists of two parabolic profiles that form an
s-shaped curve that reaches the desired final temperature and remains constant once
it has been reached. Consequently, the time derivative of the reference consists of
two linear profiles, which together from a triangle, similar to the profile of the right
graph of Figure 3.

The overall performance of the control system as shown in the schematic (Figure
8) was marginally adequate. It suffered from a high amplification of sensor noise
in the radio wave power, and also from a temperature overshoot that had to decay
away through heat transfer. The latter was caused by the lack of control authority
of the control system once temperature is too high, because it can only apply heat,
while it cannot actively cool.

Overall, the controller as described in this section has a performance that may
be considered adequate, though we would not recommend this PID arrangement
with PD feedforward because of these issues.

Model predictive control

An alternative approach that is considered here, and which was eventually selected,
is the Model Predictive Control (MPC) technique. The technique in general can
also be referred to a Predictive Control or Model-Based Predictive Control. The
operating principle can be implemented in various manners and a large number of
MPC-methods exist. The first pioneering methods, Model Predictive Heuristic
Control (Richalet et al. 1978) and Dynamic Matrix Control (Cutler and Ramaker
1980) emerged in the late 1970s and early 1980s. Over the years, there have been
re-formulations of the technique and unifications, such as Generalized Predictive
Control (Clarke et al. 1987), Unified Predictive Control (Soeterboek 1990) and the
Standard Predictive Control Problem (Van den Boom and de Vries 1999).

The operation of a predictive controller versus a non-predictive controller can
be illustrated by the task of keeping a driving car on the road. A non-predictive
controller can only look out the side window at the edge of the road, and use that
information to steer the car; information about the road ahead is not available. In
contrast, a predictive controller does have the ability to anticipate future events.

Generally, the operating principle of predictive controllers is as follows. At each
time step the controller calculates the optimum input signal(s) that will cause the
output signal(s) to track (a) desired reference signal(s). The calculation is performed
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Figure 9. Schematic of MPC control.

over a pre-determined finite time-period. After each calculation, only the optimized
input signals of the first future time step are applied to the system that is to be
controlled. Subsequently, the system is sampled again, and the next output signal
measurements are recorded and made available to the controller. After this, the
optimum trajectory calculation is repeated in a cycle that repeats at each time step.
This operation is illustrated by the schematic in Figure 9. The prediction horizon
over which the calculation is performed recedes with each time step (receding horizon
principle); the optimization therefore does not end at a particular instance in time,
but it recurs at each time step for as long as the controller remains active. Due to
this particular operating principle, predictive controllers have the ability to anticipate
and account for future events, such as system responses that occur only after a time
delay, or constraints that the input or output signals may encounter over their respec-
tive trajectories. Predictive controllers are therefore better able to handle such events
than controllers without predictive features, such as PID controllers.

A more in-depth description of the implementation of the predictive controller
that is used in this study is provided in Appendix A. The exact method is fairly
basic but sufficient for the problem at hand. More advanced designs could be con-
sidered (e.g. as presented in the textbook by Camacho and Bordons (1995), but for
the purpose of the control problem in this study, there would be no need for those.
The reference signal that is supplied to the controller is the same as described in
Section ‘PID control’

The controller is implemented via a real-time MAaTLAB (The Mathworks 2019)
application. Communication to the generator is established via RS-232, and the
analogue temperature signals are captured through a National Instruments USB-6001
I/O device.

Demonstration of experimental system

The experimental methodology is demonstrated through two sets of experiments.
First the replication of a triangular heating profile is verified, and second a series
of radio wave exposure experiments is performed on the nematode species S. feltiae.
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For the first set of experiments, four soil samples (obtained from the verge garden
in front of the Process and Energy department) were prepared to represent the
variety of the horticulture samples that the setup is intended to operate with. Three
of these are packed at moderate density into the sample holder with each prepared
at a different soil humidity of 10, 17.5, resp. 25m%. The fourth sample is at 25m%
humidity but is poured into the sample holder in a loose packing. Each sample is
placed into the Tweik-apparatus and exposed to a heating cycle that is set to reach
a temperature of 50°C after 120s of radio wave exposure.

There is a degree of variability between the power and temperature transients of
these samples (Figure 10). The top right and bottom left graphs for 17.5 and 25 m%,
respectively, show similar trends. In both graphs the recorded temperature follows
an s-curve that approximates 50 °C, while the curve of net radio wave power transfer
has a triangular shape. The graph for the 10m% sample (top left) has a similar
s-shaped curve for temperature, but the net power transfer curve deviates somewhat
from a triangular shape. The graph for the loosely packed 25m% humidity sample
(bottom right) exhibits strong oscillations in the power curve. It appears that the
loose packing increases the delay between power input and temperature effect to a
greater degree than what the predictive control system anticipates, this results in
repeated overcorrections and oscillations. This suggests that consistent sample prepa-
ration is essential.

The second experimental demonstration is a series of tests with soil samples that
were obtained from horticulture growers and are inoculated with nematodes of
species S. feltiae. These samples are each exposed to a radio wave field of various

Figure 10. Transients of the net radio wave power transmission and sample temperature for four
different cases of heating a sample in the Tweik-apparatus. Soil of three different humidities is
used, in one case the soil is only loosely packed in the sample holder.
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intensity. Samples are prepared by first drying soil overnight at 105°C. Subsequently,
at room temperature, water and nematodes are introduced into the sample. Nematodes
dissolved in water are added to the sample by making a hole in the soil column
with a finger, pipetting a measured amount of the nematode solution, and gently
closing the hole again with a nominal number of 1000 nematodes each.

During the series of experiments, the samples are heated from room temperature
of around 20°C to a pre-determined setpoint temperature. The setpoint values are
varied between 40°C and 60°C over the set of samples. After radio wave heating,
the samples are left to cool to room temperature in their sample holder outside of
the cavity in air. Cooldown takes around an hour. Once room temperature is reached,
the samples are repackaged for further analysis.

The effectiveness of radio wave treatment is assessed by counting the number of live
nematodes remaining in the samples by means of an Oostenbrink elutriator as described
by Verschoor and de Goede (2000). The soil sample is added to the elutriator, which
separates the heavy soil particles from the lighter nematodes using an upflow of water.
The water containing the nematodes is subsequently drained through and incubated on
a filter for 24h, after which the nematodes that remained alive have migrated through
this filter. They are harvested from a receptacle with water, and subsamples are counted.

Table 1 presents the results of this series of experiments. The samples are heated
to setpoint temperatures of 40, 45, 50, 55, or 60°C, with three repeated experiments
per temperature. The table includes the mass of the individual samples, which varies
between 130 and 140g. In addition, the table reports the recorded maximum tem-
perature and the specific radio wave exposure, i.e. the amount of radio wave energy
that is dissipated into heat per unit sample mass. Finally, the table also includes
two resulting nematode counts per sample. For one sample, nr. 14, unfortunately it
appears a mishap occurred since no nematodes could be found. For the remaining
samples the results are graphed (Figure 11). The results are presented both as nem-
atode count versus maximum recorded temperature as well as count versus the
amount of radio wave energy dissipated in the sample per unit sample mass.

Table 1. Sample specifications and experimental data.

Net specific

Sample Sample Temperature Maximum radio wave Nematode Nematode
number mass setpoint temperature exposure count #1 count #2

g °C °C J/g nr. nr.
1 132.4 60 58.9 89.0 28 29
2 134.1 61.5 85.7 85 86
3 138.5 60.7 85.2 23 27
4 143.4 55 59.4 83.2 29 31
5 133.4 54.8 73.3 100 93
6 136.3 57.4 83.0 51 49
7 136.0 50 50.1 57.9 265 314
8 136.8 50.4 60.5 244 267
9 138.7 50.5 57.8 79 90
10 138.5 45 473 52.8 184 167
1 134.8 45.1 50.7 181 199
12 136.1 45.8 46.4 449 459
13 132.2 40 39.8 374 514 535
14 134.1 39.8 349 - -

15 133.8 40.0 36.1 281 298
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Figure 11. Nematode count versus radio wave intensity. The left graph presents the intensity in
terms of maximum recorded temperature, while the right one presents it as the amount of radio
wave energy dissipated in the sample per unit sample mass.

Both graphs have the same general trend: as the intensity of the radio wave
exposure increases, less live nematodes remain. There are some minor changes in
shape between the clouds of data points in the graphs, most likely because of slight
differences in the distribution of heat generation and temperature between the
sample, but overall the two graphs are consistent with each other. There are devi-
ations in the maximum recorded temperature with respect to the temperature set-
point. These fluctuations are likely due to variations between the respective samples,
though this does not affect the overall trend. There does seem to be a large variation
in nematode count at lower intensity, however. At this stage, it is not clear what
may have caused this, but variations in sample mixing are suspected. Further refine-
ment of the experimental protocol would be a fitting topic for further development.

Conclusions

This study describes the development of an experimental method that mimics the
conditions in soil that is being treated by radio wave energy to suppress pathogens.
It enables experimentation at laboratory scale with soil samples of 100ml volume
under much more controlled and reproducible conditions than can be achieved
under field conditions with the Agritron prototype. Moreover, laboratory scale
experimentation is considerably more cost-effective than field trials, so it facilitates
a data driven approach towards developing treatment strategies for radio wave
treatment of soil in glasshouse horticulture.

This paper documents the design requirements, implementation and operation of
the apparatus that implements the experimental method. It heats soil samples uniformly
with a triangular temporal power profile to a pre-determined temperature over the
course of two minutes, which resembles soil treatment by the Agritron prototype.

The system design is based on a standard sized rectangular waveguide; special
holders are designed to contain the soil samples; a tuning recommendation is
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developed through numerical simulation; and a model-based predictive control
strategy is employed to achieve heating according to the desired power profile to
the desired final temperature. The method is demonstrated by a series of experi-
ments. Plausible relations between radio wave exposure and pathogen effects are
observed.
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Appendix A

At each time step, a predictive controller acquires sensor data from the process that it is
controlling, and it uses this data to optimize the input signals to this plant so that the
output signals follow a desired trajectory. This appendix describes the predictive controller
that controls temperature in soil samples that are heated the Tweik-apparatus. It is a single
input/single output control system. In addition, it is also necessarily a digital control system,
as required for repeated numerical optimization. The input (u) and output (y) signals are

represented by vectors of input and output variable values over a finite time horizon with
length L,

u, u(t=0) ¥ y(l‘ZO)
ue uz _ u(tE:h) oy yz _ y(tEZh) 5)
u, u(t:h(L—l)) b3 y(t:h(L—l))

The basis of a predictive controller is a model description of the process that it uses for
the optimization. The model description is a linear model, either of the finite impulse re-
sponse (FIR) or finite step response (FSR) type. Predicting the response of a linear model
to an input signal is done by calculating the convolution integral of this input signal with
the impulse response of the model. For discrete-time systems, this can be conveniently rep-
resented as a matrix vector multiplication,

du=y (6)

Here, the column vectors of the matrix & each contains the impulse response sequence.
The impulse response vectors in the matrix are progressively shifted downward with each
consecutive column, with zero padding in front of the response to fill the vector. This rep-
resentation is a FIR model. However, for the control system in this present study, FSR
model is more appropriate, because it has a better steady state and low frequency response.
Specifically, if a steady state or low frequency mismatch between the process and the mod-
el of the process were to occur, which is practically unavoidable in the present case, then
an FSR model description can accommodate this, while the FIR description cannot. For an
FSR model, the model output is calculated by convolution of the step response with the time
derivative of the input signal. This is represented herein as multiplication of a matrix with
step responses S in the column vectors with a vector of incremental variations Au of the
input signal,

SAu=vy,u,, =u +Ay, (7)

which is represented in more detail as,

0O - 0
1 0 iul Y
. u
S, S, N N yf (8)
Au
_SL—l Ssz Sl_ o Y
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The model representation in Eq. (8) over L time steps is split over the past and future
events, of N and M time steps respectively, where, L = N + M. This results in,

0 0 -+ -+ 0
1 — —_ —— -
S, S, Au,, Yo
_SN—l SN—Z ()_ _0 ()_ Aup,N - | Vo | ©)
Sy Sya S 0 Au,, Y
N+1 N 1 . :
N+2 Sy 2 S : Aug | Vi |
_SM+N 1 SM+N 2 SM_ _SM—I SM—Z S1__
Writing it in more compact form with some adjustments yields,
S 0 || Au, +e, m_ +e
% + pp A P L P 0.p _mp,N (10)
S, S;|lAu,+e, r.te,

The signals m_ and r, represent respectively, the past measurements of the controlled
variable temperature, and the future reference trajectory of the controlled variable. Here the
final time step of the past events is made to approximate zero, so that the signal optimiza-
tion is performed around zero. To this end, the left side of Eq. (10) includes a subtraction

of,

Au,,

yOZ[SN—l S 0:| (11)
Au

N

and the right side includes a subtraction of the most resent measurement of temperature,

N VN (12)

Moreover, Eq. (10) introduces error signals that represent the mismatch between signals
that occur in the model and signals that occur in the physical system. These error signals
comprise of: e, , the error signal that acts on past input signals; e,  the error signal that
acts on past output signals; e, . the error signal that acts on future 1nput signals; and e,
the error signal that acts on future output signals. The two former of these account for the
mismatch between the measured input and output signals, and those that occur in the con-
troller model. Minimizing this mismatch enables the controller to estimate the state of the
process that it is controlling. The two latter signals that relate to the future are used by the
controller to calculate future input signals that minimize the difference between the future
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process output signals and the desired future process output signals, i.e. the reference signal
r.

The control optimization is now solved in two steps. First the error signals of the past
events are calculated by solving the top sub-matrices of Eq. (10),

—y0+SPP(AuP+el.’P)=mp+eo)P—m (13)

N

while subject to a cost function,

€.
. Lp
min |e e 14
{E,VP & }€R|: i,p O,P:'QP ea,p ( )

This problem is solved as a quadratic program, which is a particular mathematical prob-
lem description that can be solved efficiently. This calculation involves an optimization that
minimizes the error signals. The Q  matrix can be designed to adjust the sensitivity between
input and output error depending on the particular control problem.

Once the error signals of the past events are estimated, then in the second step the op-
timum trajectory of future control inputs is calculated that makes the system output follow
the desired reference trajectory that is represented by the vector r,. To this end, the bottom
row of sub-matrices of Eq. (10) is solved,

—yO+SfP(Aup+ei,P)+SﬁAuf:rf+eo’f N (15)
assuming €, . =0 while subject to cost function,
n [, e, o, |0 (16)
min u
{A“feo,[ }eR f f e op
and the inequality constraints for the input power, i.e. u(t)ZO,
0 0 0]
1 10
(up’N+AuP_N)+ 1 1 Au, >0 (17)
1 o0
I 1 1

This problem too is a quadratic program and is solved as such.

The performance of the controller is tuned by designing Q so that the respective weights
on Au, and e, o7 are adjusted so that their respective actions are brought to a desired balance
between them. For example, putting more weight on minimizing the contribution of Au to
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the cost function will cause the output of the controlled process to follow the desired tra-
jectory in a more relaxed fashion. In addition, the input signals as generated by the con-
troller will have less sharp transient behavior. Furthermore, if the controlled system has a
time delay, then an initial period can be defined in which e, . has no contribution to the
cost function. This will make the controller tolerate a mismatch between the output signal
and the desired reference signal during this period in which the controller has little or no
control authority. This avoids sharp controller action in an attempt to control temperature
in the nearest future time steps, which in the case of our experimental method results in a
smoother radio wave power transient.
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