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This paper presents the integration of electrical capacitance tomography (ECT) with a moisture
controller for the microwave drying of polymer foam. The proportional-integral (PI) control and the
linear quadratic Gaussian (LQG) control are employed in designing the controller. The control objective
in this process is that the moisture of polymer foam after the drying process reaches the desired set
point. The permittivity distribution of polymer foam after the drying process is estimated in real-

Keywords: time using a designed ECT sensor and transferred as feedback to the controller. Since the permittivity
LQG control and the moisture are strongly correlated, the material moisture can be controlled by controlling the
PI control

permittivity. A state-space model is derived for the microwave drying process based on a system
identification approach using the experimental data from the process. The derived model is employed
in designing the LQG controller and adjusting the parameters of the PI controller. The designed
controllers are implemented on a testbed microwave oven, and the experimental results show that the
designed controllers are able to follow the desired set point moisture. The performance of the system
with both controllers is compared, and their advantages and disadvantages are discussed. Moreover,
the benefits of having a moisture controller for the microwave drying process are shown in simulation

studies compared to an uncontrolled system.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction ble [4]. Designing a moisture controller can help to monitor the
material moisture and adjust the power level of the magnetrons
to reach the desired moisture, and ensure the homogeneity of the
moisture distribution by selective heating.

The application of a moisture controller in continuous mi-
crowave drying has not been studied so far since there are no
suitable methods applied to measure moisture content/distribution

in a continuous microwave drying process. The standard method

High-power microwave (MW) drying has a wide application
in drying porous materials. With the advantages of volumetric
heating, saving energy, and processing time, the microwave dry-
ing technology is reported to be at least twice as effective as the
other methods [ 1]. The wet material enters the oven cavity, where
several magnetrons act as the sources of microwave heating

energy and result in the fast evaporation of moisture in the wet
material.

The quality of the material after the drying process highly
depends on the moisture content and the moisture homogeneity
of the material [2]. The microwave drying process aims to result
in a specific amount of moisture after drying, depending on
the material and the application [3]. Furthermore, the remaining
moisture in the material should be as homogeneous as possi-
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to measure the moisture in microwave drying is by measuring the
weight of the sample [5-8]. In Li et al. [9], the drying rate of the
sample was measured using a digital balance connected to the
sample, and the drying temperature was adjusted proportionally
using a pre-defined strategy. Measuring the sample weight is
suitable for the control of batch microwave ovens. However, this
method cannot be applied in a continuous microwave drying
process where the wet material is constantly moving. Moreover,
weighting the material provides only the average moisture value
and not its distribution.

Most of the feedback controllers designed for the microwave
oven in both drying and heating processes are temperature con-
trollers since the material temperature is readily available through
the infrared (IR) cameras or the fiber-optics probes [10-14]. In
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Cuccurullo et al. [10], the instantaneous hot spot among apple
samples was detected using an IR camera, and an on-off control
on a constant delivered power was proposed to keep the desired
temperature. Furthermore, the process was coded to stop when
a pre-defined moisture value was achieved. Temperature and
power control are also discussed in [14] for a microwave drying
process. Four drying modes were discussed, where the temper-
ature and power were controlled in different suggested drying
modes based on pre-defined profiles. However, temperature con-
trol can only prevent undesired hot spots and prevent damaging
the material. In order to achieve the desired moisture inside
the material and ensure a homogeneous moisture distribution,
a moisture controller is required.

This research proposes a novel idea of integrating electrical
capacitance tomography (ECT) with control for the microwave
drying process. Although tomographic imaging techniques, in
general, have established their unique roles in monitoring differ-
ent industrial processes, their combination with control has only
been studied in very few applications [15,16].

The investigated application in this study is drying wet poly-
mer foam after the impregnation phase in the thermal insulation
industry. The polymer foam is dipped into water and chemicals to
generate predetermined features in foam. After the impregnation,
the wet foam enters the microwave oven on the conveyor belt
and passes through the oven cavity to dry. The main goal in this
process is to achieve the desired moisture (e.g., 10%-20% on a wet
basis) inside the foam. Moreover, the remaining moisture should
be as homogeneous as possible.

An ECT sensor is designed and installed at the output of
the microwave oven to estimate the permittivity distribution of
the polymer foams after the drying process. Generally, the ECT
sensor is a contactless, fast and reliable method to estimate the
moisture distribution of dielectric materials [17-20]. In ECT, the
inter-electrode capacitances between the electrodes surround-
ing a target material (foam in this study) are measured, and
the permittivity distribution of the material is estimated using
a reconstruction algorithm. To the best of our knowledge, the
designed ECT sensor in this research is the first proposed sensor
in the literature to monitor the moisture distribution in a contin-
uous drying process in practice. Due to the application-specific
requirements, the proposed ECT sensor has a wide rectangular
structure, unlike standard ECT sensors. The unusual sensor shape
resulted in a weak measurement signal and a challenging re-
constructions process. The sensor provides two-dimensional (2D)
cross-sectional images from the permittivity distribution in real-
time, which shows the moisture locations in the foam and the
permittivity change in those locations. The moisture distribution
of the foam can then be estimated through a calibration map [21].
However, to avoid calibration errors, the permittivity estimate is
directly sent to a designed moisture controller.

The moisture controller is designed with two different meth-
ods for the microwave drying process to achieve the desired
moisture inside the polymer foams after the drying process. The
first designed controller is a proportional-integral (PI) controller,
and the second controller is based on the linear quadratic Gaus-
sian (LQG) control method. Since the microwave drying process
is a complicated system with several actuators (the magnetrons),
the designed controllers in the first step are assumed to be single-
input single-output (SISO) to simplify the problem. The power
level of magnetrons is determined altogether to satisfy a desired
average permittivity in the 2D cross-section of the foam after the
drying process. Since the ECT can also estimate the permittivity
distribution, a multi-input multi-output (MIMO) controller can
be designed in future studies as the next step to ensure the
homogeneity of the dried foam.

Designing a model-based controller like the LQG controller
requires a mathematical model of the process. Moreover, having
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a model can help to adjust the parameters of non-model-based
controllers such as PI controllers. Modeling the microwave drying
process with coupled heat and moisture transfer is a difficult task.
There are several studies on multi-physics models of a microwave
drying process [22,23]. However, they are expensive and time-
consuming to compute, so they are not suitable for real-time
closed-loop control.

A system identification approach with an insight into the
physics behind the process is adopted in this research to find
a state-space model of the microwave drying process using the
ECT measurements. The main challenge in modeling the studied
microwave drying process is that the ECT sensor is located at
the end of the process, and there is no information of the foam
moisture during the relatively long traveling time inside the oven.
This challenge was addressed by introducing a virtual input and
dividing the system into two subsystems. The derived model for
the whole process is SISO with the power level of the magnetrons
as its input and the average permittivity change of the dried
foam as its output. The obtained model is used to design the LQG
controller and determine the PI controller parameters.

The content of this paper is structured as follows. The main
principles of the ECT sensor and its design are given in Section 2.
In Section 3, the microwave drying process is explained, and the
process modeling is discussed. The design procedure of the PI
and LQG controllers is described in Section 4, and the results and
discussion are covered in Section 5. Section 6 summarizes this
research and gives the conclusion.

2. Electrical capacitance tomography

Designing a moisture controller requires information on ma-
terial moisture during the process. In continuous microwave
drying, where the wet material is moving on a conveyor belt,
conventional methods such as measuring the weight of the ma-
terial are impossible to use. The ECT sensor is an attractive tool
for estimating and monitoring moisture distribution since it is
contactless, fast, and inexpensive. Electrical capacitance tomog-
raphy is an imaging modality to reconstruct the material per-
mittivity distribution. Since the permittivity is strongly correlated
with the moisture, the reconstructed permittivity can be used in
estimating the moisture distribution.

The ECT sensor consists of several measuring electrodes
mounted on a frame around an imaging area where the target
material is inserted, as shown in Fig. 1. Additionally, electrically
grounded guard electrodes are placed between the adjacent mea-
suring electrodes to increase the sensitivity of measurements;
however, they do not play a role in the measurement procedure.
The measurement starts by exiting one of the electrodes while
the rest are grounded, and the electrical capacitances between
the exited electrode and other measuring electrodes are recorded.
The same measurements are repeated by exciting every measur-
ing electrode until a complete set of measurements is collected.
Assuming N measuring electrodes around the imagining area,
m =N (N — 1) /2 independent measurements are collected in
each frame of measurements. The collected data are used in a
reconstruction algorithm to estimate the material 2D permittivity
distribution.

Reconstructing the permittivity distribution of the material
based on the collected measurements is a so-called inverse prob-
lem. In this research, the difference imaging method was chosen
to solve the inverse problem as this method is linear and fast to
compute, making it one of the best candidates for a real-time
application [24,25]. In this method, two sets of measurements
are collected: the reference data (Cef), which are the capacitance
measurements while a dry foam is inside the sensor, and the mea-
surement data (Cy), which are the capacitance measurements
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Fig. 1. The ECT sensor illustration with six measuring electrodes on the top
surface and another six measuring electrodes on the bottom surface of the
sensor. An electrically grounded guard electrode is located between adjacent
measuring electrodes. An air gap is left between the imaging area and the top
surface electrodes to allow foam movement.

while a wet material is inside the sensor. The change in the
permittivity distribution of the wet material compared to the dry
material can then be estimated as

A€ =€ — €ref = H (Cyp — Cres) (1)

where € is the permittivity distribution of the wet material, €ef
is the dry foam permittivity, and H is the reconstruction matrix.
More detailed descriptions can be found in [21].

Although the ECT sensors have the same main principles, each
sensor should still be designed based on the specific requirements
of their application. The target material in this study was polymer
foam with a width of 49.3 cm, a thickness of 3 cm, and a long
length, continuously moving on a conveyor belt. These specifica-
tions required a sensor design that has a rectangular structure,
unlike common ECT sensors that have a round shape. An elec-
trode plane with six measuring electrodes was mounted on the
top surface of the sensor, while another six measuring electrodes
were mounted on the bottom surface of the sensor. There was
an air gap of 1 cm between the foam and the top surface elec-
trodes to allow easy movement of the polymer foam. The bottom
surface electrodes were located under the thin conveyor belt that
carried the polymer foam. There were no electrodes mounted on
the sensor sides as they did not significantly contribute to the
measurements and the reconstructions. Fig. 1 shows the designed
ECT sensor and its 12 electrodes.

The sensor dimension was 87 cm x 25 cm x 4 cm. The
wide frame of the ECT sensor and its rectangular cross-section
resulted in a considerable distance between the non-neighboring
electrodes and a small measurement signal between them. Using
wide electrodes in the sensor design helped to compensate for the
small measurement signal. The measuring electrodes on the top
and bottom surfaces of the sensor had an area of 10 cm x 8.1 cm.
The guard electrodes inserted between the measuring electrodes
had a size of 10 cm x 0.3 cm. The ECT sensor based on this design
was built and installed at the exit of the testbed microwave oven
in this research. Fig. 2(a) shows the built ECT sensor while esti-
mating the permittivity distribution of a moving foam. A picture
from the inside surface of the sensor (bottom plate) is shown
in Fig. 2(b). Six measuring electrodes and the guard electrodes
between them can be seen on the bottom surface.

3. Microwave drying process
3.1. Drying process of polymer foam

Microwave ovens can be built as batch or continuous (conveyor-
belt) ovens. In a batch oven, the wet material is exposed to
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Fig. 2. The designed and built ECT sensor. (a): The ECT sensor while estimating
the permittivity of a moving polymer foam. (b): The bottom electrode plane of
the ECT sensor installed under the conveyor belt.
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Fig. 3. Illustration of the continuous oven HEPHAISTOS with three modules,
placed at the Karlsruhe Institute of Technology, Germany.

microwave heating for a specific time in a closed oven, while in
a continuous oven, a conveyor belt moves through an open oven
carrying the wet material to get dried. Fig. 3 shows an illustration
of the continuous microwave oven studied in this research, called
HEPHAISTOS, located at Karlsruhe Institute Technology, Germany.
This system is a combination oven with circulating hot air that
removes the evaporated moisture. The total length of the oven is
729 cm, and it includes three modules, each equipped with six
magnetrons as the heating source. The magnetrons work with a
frequency of 2.45 GHz and a maximum power of 2 kW, which
gives a total maximum power of 36 kW for the whole oven.
One of the applications of the continuous microwave oven
in the industry is to dry polymer foams after the impregnation
process. Impregnation is a chemical process that generates new
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Fig. 4. (a): The impregnation tub with two rotating bars to ensure a homoge-
neous initial moisture. (b): The images from the IR cameras installed inside the
oven.

features in polymer foams suitable for insulation applications in
the construction industry. The polymer foam first moves into
an impregnation tub filled with water and chemicals, shown in
Fig. 4(a). The foam then passes through two rotating bars that
squeeze out the excess water from the foam to save time and
energy during the drying process and make the moisture inside
the foam more homogeneous. The wet polymer foam enters the
oven on a conveyor belt to pass through all three modules and
dry.

During the process, only the surface temperature of the foam
can be monitored using IR cameras, and there is no information
available on the moisture. Fig. 4(b) shows the IR images transmit-
ted by the IR cameras installed inside each module. In this study,
the ECT sensor is installed after the last microwave module, as
shown in Fig. 2, to estimate the material permittivity (moisture)
after the drying process.

3.2, Process modeling

Model-based controllers require a mathematical model of the
process. Furthermore, having a model of the process helps to
simulate the system behavior in different conditions and evaluate
the performance of the designed controllers before implementing
them on the system. However, the microwave drying process is a
complex process involving coupled electromagnetics and simul-
taneous heat and moisture transfer. These types of systems are
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typically described with partial differential equations (PDEs), de-
pending both on time and position, and are so-called distributed
parameter systems (DPS).

In our earlier study [23], the coupled PDEs for heat and mois-
ture transfer proposed by Luikov [26,27] were modified and em-
ployed to model one of the oven modules with a length of 50 cm
while the actual length of each module is 100 cm. Modeling
the whole process with three modules is far more complex and
time-consuming. Moreover, the exact parameters of the heat and
moisture transfer model are not available for the polymer foams.
These limitations embarked on employing the system identifi-
cation methods in which the precise physical knowledge of the
process was no longer required.

System identification is a methodology of analyzing collected
input and output information from the process by giving spe-
cific inputs to the system and measuring the corresponding out-
puts [28,29]. A mathematical model (linear or nonlinear) can be
derived based on the collected information. In this study, the
aim was to control the output foam permittivity by adjusting the
power level of the magnetrons. Therefore, a series of experiments
were conducted to collect sufficient input-output data to find a
SISO model of the process.

The power level of the magnetrons (percentage of the maxi-
mum power), P, was the system input, such that 0 < P < 100.
Since the goal was to obtain a single-input model, all 18 mag-
netrons were synchronized together, and one input was given
to all of them during the whole experiments so that P, = P,
I=1,...,18, where P, is the power level of the Ith magnetron.
The initial foam moisture percentage before the drying process,
My, also affects the system output. Therefore, the variation of the
initial moisture, AM;, was taken as the input disturbance to the
process, computed as

AMin = M, — Mavg7 (2)

where M,y is the average initial moisture of the foam. The
ECT sensor estimated the permittivity change distribution of the
2D cross-section of the foam, Ae, while the foam was passing
through the ECT sensor. The average value of this 2D distribution
was converted to a wet-basis value and taken as the system
output. The wet-basis average permittivity change, Ae,, can be
computed as

Ae
Aeqg = — x 100, 3)
€ref
A€q
Aeyy, = —  x 100, 4
Y= 700 + Aeq “)

where Aeq is the dry basis permittivity change (in percentage),
A€ is the average value of Ae at the n nodes of the 2D discretiza-
tion mesh, and e is the dry foam permittivity. Note that Ae,,
is correlated with the foam average moisture after the drying
process through a calibration map [21]. Therefore the average
moisture of the output foam can be controlled by controlling Ae,.

Different experiments were conducted to collect input-output
data of the system. The test materials in these experiments were
multiple polymer foam sheets as it was not practical to use a
long enough foam that could run through the experiment for
several hours. Standard inputs, including a pseudorandom binary
sequence (PRBS) signal and an amplitude-modulated pseudoran-
dom binary sequence (APRBS), were given as the pre-specified
power levels to the magnetrons and the corresponding mea-
surements from the ECT sensor were collected. Fig. 5 shows a
schematic of the continuous experiment where the foam sheets
were placed next to each other with no gap and sent to the
microwave oven on a conveyor belt with a speed of 40 cm/min.
The travel time for each point of the foam from entering the oven
to reaching the middle of the ECT sensor was 1129 s.
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Fig. 5. The schematic of the experimental procedure in collecting input-output data of the microwave drying process. The polymer foam sheets are shown with
gray rectangles, which move on a conveyor belt through the oven and the ECT sensor.
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Fig. 6. Dividing the microwave oven system into two subsystems.

One of the main challenges in the modeling process was the
ECT sensor location. As shown in Fig. 5, from the moment the
foam enters the oven cavity until it reaches the ECT sensor, it
takes almost 20 min (1129 s). Therefore, the immediate effect
of changing the power levels on the moisture distribution of the
foam during the drying process could not be observed in the final
measurements. Hence, based on the physical knowledge about
the system, a new virtual input E(t) was introduced as the overall
applied energy to each location of the foam before it reaches the
ECT electrode plane. This input was calculated as the integral of
the applied power over the time interval that the foam spent in
the cavity. This way, the process was divided into two subsystems
in series, as shown in Fig. 6.

In the first experiment, a PRBS signal was given as the input
to the magnetrons. The dataset collected with this input signal
was used as the training dataset to estimate the parameters of a
model for the microwave drying process. The state-space model
structure was chosen for modeling as the state-space model is a
pre-requirement for many model-based control methods. More
details on the data processing and modeling procedure are given
in [30]. The derived model was in discrete space with a sample
time of Ty = 1 s and can be described as

X[k + 1] = Ax[k] + Biu[k — Tq1] + Boyw[k — Ty, ],
ylk] = Cx[k],

(5)
(6)

where x[k] € R®*! is the state vector, u[k] = P[k] is the control
variable, w[k] = AMi,[k] is the input disturbance, y[k] = Aey[k]
is the process output, and the matrices A € R®*¢, B;, B, € R®*,
and C € R'® are the model parameters estimated using the
MATLAB system identification toolbox given the collected inputs
and output data. The input time delay for the control input is
T4 261 sampling periods, and for the input disturbance is
Tq2 = 1129 sampling periods.

The accuracy of the derived model should be evaluated using
a different dataset called the validation dataset. The validation
dataset was collected by giving an APRBS signal as the input to the
magnetrons. The specifications of both PRBS and APRBS signals,
such as pulse width and upper and lower limits, were chosen
based on the knowledge of the process.

4. Controller design

The final aim of this research was to design a closed-loop
moisture controller. Several control methods were investigated
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Fig. 7. A schematic of the closed-loop microwave drying process. The recon-
structed permittivity from the ECT sensor measurements is sent to the controller,
and the controller adjusts the power level of the magnetrons based on the
received information.

using the model derived in Section 3.2. This paper presents the
design procedure and experimental results from a PI controller
and an LQG controller. The ECT sensor estimated the permit-
tivity distribution of the polymer foam after exiting from the
oven. Since the derived model was SISO, the average permittivity
change was calculated using (4) and then sent to the designed
moisture controller. The moisture controller receives the infor-
mation from the ECT sensor along with a reference set point and
calculates the command power levels given to the magnetrons.
Fig. 7 shows a schematic of the microwave oven in connection
with the moisture controller and the ECT sensor.

4.1. PI control

The PI controller is a standard industrial controller that has
been found very efficient in most industrial applications. This
controller was chosen as the first approach in this research as
it is very efficient, cheap, and easy to implement. The derivative
action in the PID controller family was not used here, and only a
PI structure was employed since there was substantial environ-
mental noise in the experiments done for this research due to
possible microwave leakage. Furthermore, there were sometimes
some drops of water at the ending surface of the foam, which
created false error change.

Designing a PI controller does not require a process model.
However, having a process model allowed us to analyze the step
response of the process in simulation and tune the controller
coefficients efficiently without conducting any experiments. Fig. 8
shows the step response of the derived model in Section 3.2. The
model response to the step input of the control variable, u[k], is
shown in Fig. 8(a), while Fig. 8(b) shows the step response to the
input disturbance, w[k]. The feedback PI controller is designed
based on the step response of the control input. As shown in
Fig. 8(a), the step response has a high rise time and settling time
due to the time delay Ty4;, but it is a stable system. The step
response of the input disturbance can be used when designing
a feedforward controller to reject the input disturbance. The
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Fig. 8. Step response of the state-space model (5) and (6): (a): The model
response to the step control input, u[k]. (b): The model response to the step
input disturbance, w[k].
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Fig. 9. The closed-loop moisture controller with the PI controller.

feedforward controller requires real-time measurements from the
initial moisture and is not discussed in this paper.

In a closed-loop control with a PI controller, the average
permittivity value of the output foam was estimated based on
the ECT measurements, and a tracking error was calculated by
comparing this value to the desired setpoint. The PI controller
calculated the power levels of the magnetrons, u[k], using the
tracking error as

) e[k],

where z is a complex number in Z-transform, e[k] = r[k] —y[k] is
the tracking error, and r[k] is the reference set point. The PI con-
troller coefficients, K, and K;, are determined in MATLAB/Simulink
based on several simulations with the derived model. A robust
scheme was chosen to determine the controller coefficients as
the process is subject to the input disturbance. The PI coefficients
should be determined so that the tracking error e[k] reaches
zero. Moreover, the process output should not oscillate since
the output oscillation in this application would mean reducing
and increasing the moisture around the set point, which is not
desirable. A schematic of the closed-loop control with the PI
controller is shown in Fig. 9.

Tsz

ulk] = (Kp +K; (7)

z—1
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4.2. LQG servo control

The linear-quadratic-Gaussian (LQG) controller is a state feed-
back controller, which combines a linear-quadratic-regulator (LQR)
and a Kalman Filter. The LQR controller has been known for its
simple structure and robust properties. The preliminary appli-
cation of an LQR controller for the microwave drying process
was already established through simulations for one of the oven
modules [23].

The standard process model to design an LQR controller is
a state-space model without the input disturbance, so in the
design process, it is assumed that w[k] = 0. Furthermore, there
cannot be any time delay for the control input. A standard method
to convert a discrete-time system with an input delay of Ty,
sampling periods to a system without delay is adding Tq; poles at
z = 0. This way, after absorbing the input time delay and omitting
the input disturbance, the process model (5) can be stated as

Xnalk + 1] = AnaXnalk] + By nqut[K], (8)

where x,qg € R*°*1 is the state vector of the system without
delay (the order of the system is increased by Tq; = 261), and

A B, 05,260
And = | O260x8  0O260x1  T260x260 (9)
0 0 0
T
Bina = [0i2es 1] . (10)

The LQR controller calculates u[k] based on solving an opti-
mization problem subject to the system (8) such that the state
vector of the system, x,q[k], converges to zero (the equilibrium
point). However, since the control objective is to follow a refer-
ence set point, the integral of the tracking error e[k] is augmented
with the state vector x,4[k] to form an augmented system with
the state vector p[k] [x04[K] xiT[k]]T where x;[k + 1]
Xi[k] + Ts (r[k] — y[k]) is the integral of e[k].

The LQR controller can be designed for the augmented system

as u[k] = —Kn[k] to minimize the cost function
J(ulk]) =) (nlk]"@nlk] + u[k]"Ru[k]) , (11)
k=0

where R > 0 and Q > 0 are weighting matrices, and the
control gain, K, can be calculated by solving an algebraic Ricatti
equation [31,32]. The control law u[k] = —Kpn[k] ensures both
Xnalk] and x;[k] converge to zero, and as a result, the system
output y[k] converges to the reference set point r[k].

The limitation of the LQR controller is that the state vector
Xnq[k] should be available through measurements, which is not
possible in most cases. More specifically, the states in state-space
models derived using system identification approaches (black-
box modeling) are not related to physical quantities, so they are
not measurable. The LQG controller includes a Kalman Filter that
estimates the state vector. The LQR controller gain can then be
multiplied by the state estimates rather than their actual mea-
surements. Since an integral action is added to the standard LQR
control, the proposed controller is called the LQG servo controller,
and its schematic is shown in Fig. 10.

The Kalman filter can estimate the system state vector hav-
ing the system input and output. The process model formula-
tion for designing the Kalman filter takes into account the input
disturbance and the measurement noise and can be stated as

Xnd[k + ]] = Andxnd [k] + Bl,ndu[k] + BZ,nd Wnd [k] (]2)
YIKk] = CraXnalk] + v[k], (13)

where wpq[k] = w[k — Tgp] is the delayed input disturbance,
and v[k] is the measurement noise. The input disturbance is
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Fig. 10. The closed-loop moisture controller with the LQG servo controller.

measurable and available T4, sampling periods in advance. The
matrices B, nq and Cpq are

B;na = [B) 01><261]Ts Cna = [C 01.61]. (14)
Assuming

E(wnalk]) = E(v[k]) =0 (15)
and

E(wnagqwiglk]) = T'w, E(v[k]o'[k]) = T\, (16)

with I', > 0 and I'y > 0, the state equation of the estimator can
be written as

&nd[k + 1|k] :And;‘nd[k”( - 1] + Bl,nd"[k]+
L (y[k] — Cna&nalklk — 1])

where L is the Kalman Filter gain that is calculated by solving an
algebraic Riccati equation [33,34].

(17)

5. Results and discussion
5.1. Experimental results of ECT

Several experiments were carried out to evaluate the perfor-
mance of the ECT sensor in identifying the moisture locations
and the moisture content in polymer foams. Fig. 11 shows a
foam sheet used in one of these experiments. To validate the
ECT reconstruction results, three pieces of this foam sheet labeled
with P1, P2, and P3, were cut, moisturized with different amounts
of water, and returned to their original locations. The foam sheet
was inserted inside the ECT sensor while the three moisture
locations were located between the top and bottom electrode
planes.

The ECT sensor measured the inter-electrode capacitances of
the electrodes while the wet foam was inside the sensor. As
explained in Section 2, another set of measurements was also
obtained with the dry foam and used as the reference in the
reconstruction algorithm. Fig. 12 illustrates the measured capac-
itances for both the wet and dry foams. As can be seen, most of
the measured capacitance values are higher in the wet foam than
the dry foam due to the presence of water.

The ECT reconstruction algorithm computed the 2D permit-
tivity change (Ae) distribution of the foam cross-section. Fig. 13
shows the reconstructed permittivity change, while the red rect-
angles illustrate the actual moisture locations. As can be seen,
all three moisture locations are identified with good accuracy,
and the difference in their moisture content can be recognized.
As explained in Section 2, the permittivity change is correlated
with moisture percentage, so using the calibration curve given
in [21], the moisture distribution can be recovered from the
permittivity estimate. The average relative estimation error in
these experiments was 7.6%, which indicates a good accuracy
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Fig. 11. The sample foam sheet with three separate moisture locations used for
evaluating the ECT sensor performance.
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Fig. 12. Measured capacitance data with wet and dry foams.

for the designed ECT sensor [21]. However, the proposed control
strategy in this study only uses the permittivity change of the
foam, and the calibration for the moisture is not employed since
it will result in additional calibration errors.

5.2. Experimental results of process modeling

A series of continuous microwave drying experiments were
conducted to collect enough input and output data to find a
process model using the system identification approaches. In the
experiments done for this study in the HEPHAISTOS laboratory,
the impregnation tub was filled with only water, and no chemical
was used. The foam sheets were first dipped into the impregna-
tion tub and passed through the rotating bars to get wet with
a moisture percentage of around 70% on a wet basis. Then the
weight of each foam sheet was recorded before and after the
drying process using a digital scale to calculate the actual average
moisture percentage on a wet basis as

M % 100,

W,

w

Min/out = (18)
where M, is the initial moisture, My is the output moisture, Wy
indicates the weight of the dry foam, and W,, is the weight of the
foam with moisture.

After the moisturizing process, the foam sheets were passed
through the microwave oven on a conveyor belt. The ECT sensor
measured the inter-electrode capacitances while the dried foam
was passing through the sensor. The measurements were trans-
ferred using an ethernet cable in real-time to MATLAB software
installed in a PC, where the reconstruction algorithm estimated
the 2D permittivity distribution of the foam.

The first measurements were done by applying a PRBS input
signal as the power level of the magnetrons and collecting the
ECT measurements. The collected input-output data, including
the power level (P), the variation of the input moisture (AM;,),
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Fig. 13. The permittivity change estimation by the ECT sensor where the moisture content in P1 and P2 is almost the same (around 40%) while there is around 20%

moisture present in the P3 location.
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Fig. 14. The parameters of the state-space model (5) and (6).
and the average permittivity change on a wet basis (A€, ), were 80
used in the MATLAB system identification toolbox to estimate
the model parameters in (5) and (6). The model parameters were 60 .
calculated using the least square method and are presented in _
Fig. 14. Fig. 15 shows the PRBS input signal, the measured output, S 40l i
and the model response for the same input. As can be seen, the A
model response follows the actual measurements. 20l |
The estimated model was validated with another dataset where
an APRBS input signal was applied to the magnetrons. The applied ‘ ‘ ‘ ‘ ‘
APRBS signal, the actual ECT reconstructions, and the model 00 30 60 90 120 150 180
response are shown in Fig. 16. As seen, although this set of data
was not used in estimating the model parameters, the estimated (a)‘
model can estimate the system response with sufficient accuracy. 40¢ —Model output | |
—--Measured output|#
5.3. Experimental results of the proposed control methods 30t ,inf-‘sﬁ . b 7 |
X J 3 I
The PI and the LQG controllers were designed based on the 520 B 7
derived model, and the performance of each designed controller 4
was evaluated separately by conducting continuous drying pro- 107 1"‘;‘ 5,' . i
cesses. The HEPHAISTOS microwave oven is operated by software 0 Y | L N ‘
named SIMPAC developed by the manufacturing company of the 0 30 60 90 120 150 180

microwave system, Wiess Technik GmbH, Germany. The power
levels of the magnetrons can be adjusted in MATLAB software
and sent to the SIMPAC through an interface connecting MATLAB
and SIMPAC. Therefore, the designed PI and LQG controllers in
Section 4 were implemented in MATLAB software, and they also
had access to the ECT sensor measurements.

As the first controller, the PI controller was implemented
to control the output foam permittivity, and the experimental
results are shown in Fig. 17. The system output measured by
the ECT sensor is shown in Fig. 17(a). The setpoint for the first
120 min of the experiment was 20%, while we changed it to 10%
for the rest of the experiment to evaluate the performance of the

23

t (min)
(b)

Fig. 15. The dataset with the PRBS input signal used for estimating the process
model: (a) The applied input power percentage to the magnetrons. (b) The
measured output and the model response for the same input.

controller in tracking a different set point. As can be seen, the
process output, A€y, has followed the set point in both cases with
reasonable accuracy. The PI controller output in this experiment
which was the command power level for the magnetrons is
illustrated in Fig. 17(b).
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Fig. 16. The dataset with the APRBS input signal used for validating the process
model: (a) The applied input power percentage to the magnetrons. (b) The
measured output and the model response for the same input.
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Fig. 17. The experimental results with the PI controller: (a): The system output
while the PI controller was implemented. (b): The PI controller output, u[k].

The absolute value of the tracking error, e[k], is displayed
in Fig. 18 to evaluate the controller performance better. As can
be seen, the tracking error at the beginning of the experiment
is significant due to the high initial moisture percentage of the
foam. As time passes and the magnetrons start to work with
the command power level calculated by the PI controller, the
tracking error converges to near zero and remains there with
some small amplitude oscillations. During the setpoint change at
t = 120 min, the tracking error temporarily increases and then
again converges to zero. The experimental results from Figs. 17
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Fig. 18. The set point tracking error while the PI controller was implemented.

and 18 suggest that the designed PI controller is capable of
following a reference set point with great accuracy.

The moisture percentages of the polymer foams before and
after the drying process in the experiment with the PI controller
are illustrated in Fig. 19. As only one average value was calculated
per foam sheet, the calculated value was kept constant in these
figures for 3.75 min, which corresponds to the traveling time of
each foam sheet.

Fig. 19(a) shows the initial moisture, while shifted by 1129 s
(around 19 min) to be synchronized with the output moisture for
better presentation. The initial moisture was tried to be kept at
a constant level. However, due to practical limitations, it had a
variation of around 4%. As explained in Section 3.2, the variation
of initial moisture was taken as the input disturbance and used
in modeling the process.

The output moisture shown in Fig. 19(b) was calculated after
the drying process. In practice, the ECT sensor was employed
to estimate the foam permittivity correlated with moisture. The
ECT estimates were calculated automatically and in real-time.
However, to evaluate the ECT sensor results, the actual weight
of the foam sheets was manually measured using a digital scale
to compare with the ECT measurements. As seen in Fig. 19(b),
the output moisture percentage has dropped with some small
oscillations to an almost fixed level, which correlates with the set
point permittivity of 20%. After reducing the set point permittivity
to 10% at t = 120 min, the output moisture has also reduced to
a lower steady-state value. Fig. 19 shows the good performance
of the ECT sensor in estimating the permittivity (moisture) and
confirms that the foam moisture after the drying process was
able to follow a certain level corresponding to the set point
permittivity.

As the second controller, the LQG controller was implemented
for the microwave oven, and the system performance was eval-
uated by conducting a drying experiment. Fig. 20 shows the
experimental results with the LQG controller. In this experiment,
the reference set point changed from 20% to 10% at t = 60 min
and then again from 10% to 25% at t = 120 min to evaluate the
controller performance in tracking multiple set points. As shown
in Fig. 20(a), the system output follows the set point, although it
has some fluctuations.

It should be noted that the LQG controller was a linear con-
troller that was designed for the highly nonlinear microwave
system. Therefore, the modeling error coming from the linear
approximation can highly affect the performance of the system.
Moreover, if the initial value (moisture) is far from the set point,
it may fall out of the domain of attraction, and as a result, the
controller cannot guarantee the set point tracking. The results
show that although a linear model was fitted to a highly nonlinear
process, the controller could still follow the set point.

The corresponding power percentage with the designed LQG
controller is shown in Fig. 20(b). As can be seen, the command
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Fig. 19. The recorded moisture percentage of the polymer foams in the exper-
iment with the PI controller (a): The initial moisture percentage of polymer
foams before the drying process. (b): The moisture percentage of the polymer

foams after the drying process.
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Fig. 20. The experimental results with the LQG controller: (a): The system
output while the LQG controller was implemented. (b): The LQG controller
output, u[k].

control calculated by the LQG controller has a smooth curve and
stays within the control constraints. (It was preferable that the
controller output does not exceed 75% and stays greater than
15%).

The absolute value of the tracking error in this experiment
is shown in Fig. 21. The tracking error in this experiment had
decreased from the start point and got close to zero. However,
due to several reasons, it shows high fluctuations around zero.
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Fig. 21. The set point tracking error while the LQG controller was implemented.
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Fig. 22. The recorded moisture percentage of the polymer foams in the exper-
iment with the LQG controller (a): The initial moisture percentage of polymer
foams before the drying process. (b): The moisture percentage of the polymer
foams after the drying process.

The moisture percentages of foam sheets before and after
drying recorded in this experiment are shown in Fig. 22. Fig. 22(a)
shows the initial moisture, while the foam moisture after the
process is shown in Fig. 22(b). As can be seen in this figure, the
output moisture has reduced and increased in the same intervals
where the set point had changed (t = 60 min and t = 120 min).

The experiments with the PI and LQG controllers were de-
signed with different set points and time duration, so they are not
fully comparable. Furthermore, since the initial foam moisture
(the input disturbance) is different in every experiment, it is not
easy to compare the results. However, since the set point in the
first 60 min of both experiments was 20%, the results from these
experiments are compared during the first 60 min.

Fig. 23 shows the comparison between the experimental re-
sults with the PI and the LQG controllers. As seen in Fig. 23(a),
the system output with the PI controller converges to the set
point with lower fluctuations than the system output with the
LQG controller. The average absolute value of the tracking error
in the shown interval for the PI controller is 8.6%, while it is 10.5%
for the LQG controller. However, the LQG controller response is
faster than the PI controller, and the system output has reduced
to the set point at t = 14 min, while with the PI controller, it has
reached the set point at t = 20 min.
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Fig. 23. The comparison between the performance of the PI and LQG controllers:
(a): The system output with PI and LQG controller implemented. (b): The PI and
LQG controller outputs, u[k].

The power level calculated with each controller is shown in
Fig. 23(b). The results show that at the beginning of the exper-
iment, the LQG controller generates a larger output than the PI
controller, which is the reason for its fast response. However, later
the LQG controller output becomes less than the PI controller
output. In general, 20.4 kWh energy was spent in the first hour
of the experiment with the LQG controller, while it was slightly
less for the PI controller with a total energy of 19.7 kWh.

The LQG controller had several design parameters in design-
ing the LQR controller and the Kalman filter. The performance
of the controller and the fluctuations around the set point can
be enhanced by adjusting these parameters. Furthermore, the
impregnation tub used for moisturizing the foams was not as
reliable as the ones used in the industry, and it had only been
built based on a similar concept for these experiments. Therefore,
the initial moisture in foam sheets can get highly inhomogeneous
as the moisturizing part is done manually. Consequently, the
initial condition (the input foam moisture) could be different for
the experiment with the LQG controller than the PI controller,
resulting in high fluctuations with the LQG controller seen in
Fig. 23(a).

5.4. Comparison of a controlled and an uncontrolled microwave
drying process

The necessity of having a controller in the loop compared to
an uncontrolled microwave oven can now be investigated after
implementing the PI controller. As mentioned, one of the goals in
the microwave drying process is to achieve specific moisture in
the material. Currently, in the industry, the necessary power for
the application is obtained based on trial and error experiments.
Once the necessary power is found, the power level to the mag-
netrons is kept constant during the whole process, regardless of
the possible changes.

The disadvantage of this approach is that the trial and error
step can be time-consuming and expensive with wasting material
and energy. Furthermore, several variables can change during

26

Journal of Process Control 114 (2022) 16-28

60 : :
—Controlled output
—--Set point
40 1

0 1 1 1 1 1 1 1
0 30 60 90 120 150 180 210 240
()
80
60
g
Q40 J
20 1
0 30 60 90 120 150 180 210 240
t (min)

(b)

Fig. 24. The simulation results with the PI controller. (a): The model output.
(b): The PI controller output, u[k].

the process and make it work differently than before. This ap-
proach cannot see these changes and consequently cannot act
upon them. A designed moisture controller can automatically
calculate the needed power based on the desired moisture. Since
a feedback controller is proposed in this research, if any variable
changes during the process such that it affects the system output,
the controller can see the change through the changes in the ECT
measurements and adjust the power levels accordingly.

A simulation study was conducted to compare the perfor-
mance of the microwave drying process with and without the
designed PI controller. The same scenario as the actual experi-
ment with the PI controller was simulated with two different set
points given in intervals of 120 min. The measured input moisture
shown in Fig. 19(a) was used for a more accurate simulation of
the actual experiment. Fig. 24 shows the simulated system output
and the PI controller output in this simulation. As can be seen
in Fig. 24(b), before ¢t 120 min, where the set point is 20%,
the steady-state value for the power level is around 37% of the
maximum power. The steady-state power level after t = 120 min
increases to around 56% to satisfy the new set point (permittivity
change of 10%). The steady-state power levels, Py = 37% and
P, = 56%, were calculated automatically by the PI controller
based on the tracking error. Without a controller in the loop, P,
and P, should be determined using the trial and error method.

Assuming that P; and P, can be found based on trial and error,
these determined values cannot be accurate enough if any of the
process variables change. As an example, a case was simulated
where the initial moisture of the foam had dropped at some point
during the simulation, a very probable situation in the drying
process. Fig. 25 shows the system output with the PI controller in
the loop and the system output with a constant pre-determined
power level. In the constant power level case, P; and P,, which
were determined based on the previous simulation, were given
as the input to the system in the first and the second intervals
of the simulation, respectively. The initial moisture had dropped
by only 5% from t = 60 min until the end of the simulation to
compare the performance of the system in both cases.
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Fig. 25. The comparison of the controlled and uncontrolled simulation results
with the PI controller while the initial moisture had dropped by 5% from
t = 60 min. (a): The model output in the controlled and uncontrolled system.
(b): The PI controller output, u[k], and the pre-defined constant power.

As shown in Fig. 25(a), the uncontrolled system with pre-
defined power level was able to follow the set point until t =
60 min, where the initial moisture dropped. Since the uncon-
trolled system cannot see the new change of the initial moisture,
it kept working with the same power level as before, which
resulted in reducing the material permittivity (moisture) more
than the set point. In contrast, by monitoring the change in the
system output, the system with the PI controller reduced the
command power level after t = 60 min and followed the set point
permittivity.

The simulation results show the importance and benefits of
having a moisture controller designed for the microwave drying
process. The system without the controller had resulted in an
over-dry foam. The mean squared error (MSE) jumped from 6.3
to 13.0 comparing the controlled and uncontrolled system, and
9.4 kWh more energy was used during the simulation with the
uncontrolled system than the controlled one (around 16% more).
Note that if the initial moisture had decreased more than 5%
or the duration of the experiment was more than 240 min as
it is in the industry, the difference in the energy used in a
controlled system compared to an uncontrolled system could be
very significant.

6. Conclusion

The application of combining process tomography with con-
trol for the microwave drying process of polymer foam was
investigated in this paper. The average permittivity value of the
polymer foam after the drying process was controlled using two
different control methods. The moisture controller received the
feedback permittivity from a designed ECT sensor for this process.
Furthermore, a process model with good accuracy was derived
for the microwave drying process as it was a requirement for de-
signing the controller. The moisture controller with both methods
was designed using this model and implemented on the system.
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Several drying experiments were conducted to evaluate the
performance of the proposed control methods. The first designed
controller was a PI controller, which is a popular controller in
the industry. The PI controller coefficients were determined based
on the simulations with the derived model such that it satisfied
some criteria, including fast convergence to the set point and
minimum oscillations. The experimental results showed that the
PI controller had a very good performance in converging to the
set point after 20 min from the beginning of the experiment, and
it stayed around the set point with very low fluctuations around
it. The fluctuations around the set point had an average of 9.5%
of the set point.

The second controller was the LQG controller, which was de-
signed based on the derived model. The experimental results with
the LQG controller confirmed that the LQG controller could follow
the set point, and the convergence time was short (14 min). How-
ever, the output had high oscillations around the set point with an
average value of 31% of the set point. The observed results could
be due to linear approximation errors that can highly affect the
performance of the LQG controller as it is model-based. Moreover,
the practical issues in moisturizing the foam at the beginning of
the process can be the other possible reason. The fact that the LQG
controller can still follow the set point suggests that the results
could be improved by enhancing the experiment setup.

The proposed controllers can only control the average value of
the permittivity distribution. In the experiment with the PI con-
troller, when the system output was in its steady state, the per-
mittivity change distribution was examined. Although the mean
value of the permittivity change, Ae,, was 19.9% (very close to
the set point of 20%), the distribution was still inhomogeneous
with some wet spots that had a maximum difference of 17.5%
to the set point. In future studies, a MIMO model of the process
can be derived. The aim of having a MIMO model is to use
the reconstructed permittivity distribution instead of an average
value and adjust the power levels of the magnetrons individually
to reach homogeneous moisture in the polymer foam after the
drying process.
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