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Abstract: Drying various materials constitutes an essential component of several industrial processes,
e.g., paper production. Typically, rotating cylinders heated internally by water steam are used for
drying tape-shaped material in paper-making machines. Such an approach remains very energy-
consuming, while the whole process is expensive and in conflict with the global policy of reducing
energy consumption in heavy industry. One promising alternative method of drying fibrous tapes
is the induction heating of drying cylinders. In this paper, we propose a drying system based on a
set of inductors (electromagnetic field sources) that generate energy in the mantle of the cylinder
and dry the running tape. By enabling the movement of the inductors, the system provides a high
level of flexibility in terms of reacting to the varying humidity of the tape. Additionally, imaging the
temperature field on the cylinder surface provides a supplementary source of information, enabling
the temperature profile to be controlled. Two types of humidity control systems, a one-loop feedback
control and a cascade control, were designed and analyzed. Simulation analysis and experimental
verification performed using a semi-industrial setup proves that using the proposed cascade control
ensures more than 30% faster response of the whole dryness control system.

Keywords: dryness control algorithms; induction heating; thermal imaging; cascade control algorithm

1. Introduction

Processes for drying materials of various structures (solid, powdery, or fibrous) to
the required humidity are often very energy- and time-consuming. This makes them
very expensive and in conflict with the global policy of reducing energy consumption
in heavy industry. These practical observations have been confirmed by mathematical
descriptions of the process of drying porous materials [1]. In the case of drying hygroscopic
materials (e.g., in paper webs), the process mainly involves ensuring the required (usually
uniform) distribution of humidity over the entire width of the material [2], which is difficult
to achieve in practice. Improving the existing drying methods has therefore become
the focus of intense research. For example, in [3], the authors studied the possibility of
controlling paper humidity by changing the pressure of the steam that heats the cylinder in
papermaking machines. Other works [4] have focused on installing special steam boxes,
which can balance the moisture in the paper web using dedicated steam nozzles. The
drying process is then carried out in the standard way, by the internal heating of the drying
cylinders using water steam. Although both of these solutions have positive effects on
drying, they are still very energy consuming.

A promising alternative method of drying fibrous tapes is by the induction heating of
the drying cylinders. Because this approach uses electricity as a power source, it is very
effective and ecological. However, most research so far has consisted of theoretical works
involving the creation of mathematical and numerical models of the induction heating
process and of phenomena occurring on the surface of the drying cylinder [5-10]. Moreover,
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new designs of inductors which generate the dominant component of the electromagnetic
field transverse to the charge plane are able to heat moving objects much larger than
the inductors themselves, including rotating drying cylinders. This type of inductor is
particularly well suited to automatic power control, whereby thermal energy can be flexibly
generated in various areas of the drying cylinder, depending on the different levels of
humidity in the tape [11]. Since, in drying devices based on drying rollers, the change in
humidity is strongly related to changes to the temperature on the surface of the drying
roller [12], it can be assumed that by controlling the temperature profile of the drying
roller it will be possible to shape the dryness profile of the tape. The temperature profile
can be monitored using, for example, a set of thermocouple elements [13,14]. However,
work on temperature control is currently focused on monitoring not only temperature
profiles but also their two-dimensional distributions [15-18], notably using thermal imaging
cameras [19-22]. To control the temperature profile, it is possible to use both classic control
methods [23-25], methods based on artificial intelligence, e.g., Fuzzy Logic [26] or Neural
Networks [27], and methods dedicated to specific applications [28,29]. The classical PID-
type method of control is used to control dryness [30].

In this paper, a holistic approach to the issue of drying fibrous tape is proposed,
consisting of a numerical analysis of the induction heating of a drying cylinder, temperature
profile control at the cylinder surface, and an automated drying process. The numerical
analysis was based on Finite Element Method (FEM) which was implemented in commercial
software under the name Flux 2D /3D made by Cedrat Corp. France. Those simulations
covered the coupled electromagnetic and thermal calculations, taking into account the
non-linear material properties of the calculation areas. Based on those calculations, the
dynamics characteristic of heating a rotating cylinder and the appropriate transmittance
models of study system were determined.

The proposed method of modeling dryness control uses the surface temperature of the
cylinder as an auxiliary signal. This is more effective than classic control methods because
it allows for faster humidity control. The results of the numerical analysis were confirmed
by a series of experiments on a real semi-industrial system.

The paper is organized as follows. In Section 2, a practical implementation of the
developed method, in the form of a semi-industrial laboratory system for drying cotton
tape using six independently supplied and controlled movable inductors is presented. A
numerical model of the process of induction heating of a rotating cylinder, along with an
analysis of the heating conditions, is described in Section 3. In Section 4, we analyze the
temperature distribution at the cylinder surface and propose two algorithms for controlling
the position and power of the inductors. In Section 5, we analyze the process of drying
cotton tape using a single PI control loop structure and a cascade control with an auxiliary
signal for surface temperature. The results are verified experimentally.

2. Experimental, Semi-Industrial Setup

The idea of the experimental system for wet fiber tape drying is presented in Figure 1.
Selected views of its practical realization are shown in Figure 2. Within the system of
guides ensuring transport and moistening of the web, four main functional subsystems can
be distinguished: an induction-heated rotating steel cylinder with HF generators, a tape
dryness measurement system, a surface temperature imaging system and a temperature
and a dryness control system. The control system is fed by both measurement subsystems,
yielding an output signal for the HF generators such that both a single dryness control loop
and cascade control can be achieved.
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Figure 1. Schematic diagram of the system for the automatic drying of wet fiber tape.
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Figure 2. General view of the actual drying stand (a). Side view of the dryness meter and moving
inductors heating the cylinder (b).

The most crucial parts of the setup are shown in Figure 3. The induction heating
system constitutes the main part. As discussed in Section 3, to ensure flexibility in forming
the surface temperature distribution, the inductors have to be able to generate heating
power in any area of the cylinder. Therefore, the inductors must be capable of independent
movement above and along the axis of the cylinder surface. The inductors (2) are mounted
on individual carriages (3) arranged in two sections, ensuring symmetry with respect to the
generatrix of the cylinder axis (4). The trolleys are mechanically connected to each other by
means of guides (5), which stabilize their movement along the cylinder length using a pull
ball screw (7). The screws are driven individually by servos (6). A schema of the subsystem
is shown in Figure 3.
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Figure 3. Schema of the motive system of the inductors along the axis of the cylinder.

Since, under real working conditions, the inductors can be in permanent movement
for long periods of time, a robust power supply is needed. For this purpose, a dedicated
wireless power supply system was developed, as shown in Figure 4. This solution uses an
intermediate transformer (IT) with a stretched primary winding (PWS), connected to an
inverter (INV) giving a current of 20 kHz frequency. The winding, which is arranged along
the forming cylinder, is fixed, while the transformer core (IT), which is mechanically and
electrically connected to the inductor, moves on a specially constructed trolley (SP). In any
position of the transformer core, electricity is transferred through the IT transformer from
the inverter to the inductor.

INV

—~

200w DC

Figure 4. Electrical diagram of the wireless power supply for moving the inductors. IT—transformer
core; SP—specially constructed trolley; PWS—primary winding; INV—hf inverter; IND—inductor;
MC—matching condenser.

The measuring sub-system is equipped with a microwave moisture meter and a
thermal imaging camera. The moisture meter consists of two antennas, one of which (the
emitter) emits microwave radiation that is partially absorbed by water molecules contained
in the fibrous tape. The second antenna (the receiver) receives the unabsorbed part of the
signal, thus measuring the humidity (or degree of dryness) of the tape. Both antennas are
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movable, so the humidity of the entire tape can be scanned systematically. An infrared
camera (A615 by Flir) is used to measure the temperature distribution over the visible part
of the cylinder surface, based on which the temperature distribution along the generatrix
of the cylinder is determined. An measurement example is shown in Figure 5a,b.

(a) .
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o

g 8
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Figure 5. Example of measuring the surface temperature of a rotating cylinder using a thermal
imaging camera. (a) Two-dimensional temperature map of the surface of the rotating cylinder
processed by an IR camera. (b) One-dimensional temperature distribution along the generatrix of
cylinder x.

3. Numerical Model of Induction Heating a Rotating Steel Cylinder

Designing an efficient drying system, in which a wet tape surrounding a rotating dry-
ing cylinder is heated by a high-frequency electromagnetic field, requires careful analysis of
various phenomena. First, the mechanism of energy exchange between the electromagnetic
field source, the inductor, and the cylinder mantle has to be modelled. The resulting model
of the thermal field directly influencing the drying tape should then be determined. Several
characteristic features of the induction heated drying setup have to be taken into consid-
eration, including the specificity of the electromagnetic field resulting from the type of
inductor and its spatial location against the cylinder, the rotating movement of the cylinder,
and the mutual dependence of the electromagnetic and thermal fields [31-33]. All these
phenomena can be described analytically by well-known mathematical formalities [34],
but a fully functional model of the proposed drying system can be developed only by
computer simulations [8,35-37]. An illustrative diagram of our numerical model of an
induction-heated steel roller is shown in Figure 6.
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Figure 6. Areas modeled in the inductor-steel cylinder system with boundary conditions for the
electromagnetic field. The figure is not to scale. (J1—area of the air gap and the environment of the
heating system; ()2—area of the ferromagnetic core; Q3—winding area; (4—area of the cylinder,
y—electric conductivity of the (24 area; w—pulsation of the electromagnetic field, ep—vacuum
permittivity; e,—relative permittivity; pp—magnetic permeability of free space; p,—relative magnetic
permeability, x—heat transfer coefficient, a;—radiation heat transfer, x.—convection heat transfer,
A—conduction, T—temperature.

In the modeled system, the following simplifying assumptions were made:

e  The anisotropy of the material properties of the cylinder area (24 was omitted. It was
assumed that during calculation of the power P generated in the cylinder the cylinder
does not move.

e Inthe winding area (13, a harmonic current of 17A flows in the entire volume of the
winding (this is the so-called Litz wire). In this area, no active power is released.

e  Zero conductivity of the ferromagnetic core ()2 is assumed, and the anisotropy of the
material properties of this area is omitted.

e  For the area of the air gap and the environment of the heating system ()1, a compromise
is assumed between the size of the division into finite elements and the accuracy of
the disappearance of the magnetic field at the edge of the area.

e In the induction heated rotating steel cylinder, the conduction current is much greater
than the displacement current—i.e., y > wege;.

e  The induction of eddy currents in the cylinder due to its rotational speed is omitted.

With the above assumptions, the combined magnetic vector potential for the separated
areas of the inductor-cylinder system takes the following forms:
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e  For the cylinder area ()4:

V?A —jwpyA =0 1)
e  For magnetic shunt areas ()2 and free space ()1:
VZA =0 @)
e  For the inductor area (23:
VA —jwpyA = ®)

where Jw—the forced current density in the inductor winding; w = 2nf—supply
current pulsation (f—frequency); u = pg pr—magnetic permeability of the medium
(1o = 41-10~7 Him, p,—relative magnetic permeability of the medium); y—conductivity
of the medium; Jy,—force current.

Using the magnetic vector potential A, the volumetric power density py in the charge
can be calculated according to the following formula:

p, = YW?A-A* )

where A* is the conjugate number of the vector potential A.

To obtain an unambiguous solution of the power density distribution on the cylinder
surface, boundary conditions should be formulated at the edge of the calculation area (21,
where by assumption the magnetic field disappears. Therefore,

A=0 ®)

Condition (5) can also be applied to the plane of symmetry of the modelled system,
since the currents in the inductor coil have the opposite conducting direction (the magnetic
field force lines eliminate each other). In addition, at the intersection of the areas of the
cylinder ()4 (a conductive area), air (31 (a non-conductive area), and the core of the inductor
1 (the non-conductive area of the ferromagnets), the normal components of magnetic
induction are equal, which gives the following boundary condition for the vector potential:

Ai X nj = A] X njj (6)

where i and j are area indicators ();, and n;; is the normal vector for the contact area surfaces
Qi and Q]

The temperature field of the cylinder area ((24) in the analyzed system is described by
the Fourier—Kirchhoff law:
9 _ Py @
Aot A
where: T—cylinder area temperature (°C); c—specific heat of the cylinder material (J/kgK);
p—resistivity of the cylinder material ((2); A—specific thermal conductivity of the cylinder
material (W/mK); and t—time (s).

The unambiguous solution of temperature field distribution is ensured by the Neuman
condition at the area between the surface of the cylinder (24 and the environment Q1:

V29 —

A | =a(T—-Tp) (8)

where: Tp—ambient temperature; o = Xcony + Xrag—the total heat transfer coefficient with
the environment consisting of convection (&conv) and radiation (o,q) heat transfer.
On the edges of the ()1 area, the following initial condition was assumed:
T(x,y,z,t=0) =Ty =20°C 9)

The physical properties of modelled areas are given in Table 1:
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Table 1. Physical properties of modelled areas.

Calcsllly:;]io:;soirea Hr () Y® A (Wim K) pe (/m* K)
01 1 0 - -
02 1000 0 - -
03 1 [ - -
According to B = f(H) charcteristics
04 built in Flux software database 2.94 x 10° 47 45 x 100

(FLU_STEEL_1010_XC10) by Cedrat

The total heat transfer coefficient between cylinder surface and environment is deter-
mined as nonlinear equation: 200 (W/ m? K), emissivity as 0.8.

Another crucial aspect of the modelling method is the inclusion of the rotation of
the heated cylinder. This movement was imitated by the superposition of 36 positions of
rotation (every 10°). Full calculation domain with meshing is presented in Figure 7. The
flowchart of these calculations is shown in Figure 8.

(a) (b)

Figure 7. The calculation domain of the inductors—rotating cylinder system: volume regions (a),

meshing of volume regions (b).

The meshing of volume elements was checked automaticaly, resulting in 54.95% non-
evaluated elements, 22.4% excellent quality elements, 16.58% good quality elements, 5.34%
average quality elements, and only 0.74% poor quality elements.

In the initial step of the simulation, for time T = 0 and angle « = 0, the distribution
of the electromagnetic field in the inductor-cylinder system and the distribution of the
active power induced in the cylinder mantle are calculated. These calculations take into
account the nonlinear dependence of the magnetic induction B on the electromagnetic field
intensity H (changing the i value). This requires multiple iterations of calculations of the
induction distribution, B, and of the volumetric active power py, (block [1] in Figure 8), until
the convergence conditions are fulfilled. Examples of the results are shown in Figure 9a,b.
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Figure 8. Flowchart of the process of calculating the induction heating of a rotating steel cylinder.
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(a) (b)
Figure 9. Distribution of magnetic induction (a) and active power (b) on the surface of the cylinder.

For the calculated active power, the temperature distribution in the cylinder area
covered by the electromagnetic influence of the inductor is then determined, taking into
account the nonlinear relationship of thermal conductivity A and temperature T. This
feedback is represented by block [2] in Figure 8. Due to the fact that, in the modeled
process, the surface temperature of the cylinder does not exceed the Curie temperature
Teur, it is possible, without making a significant error, to uncouple the electromagnetic
and temperature fields, so that after calculating the temperature distribution T there is
no need to recalculate the active power py in a given calculation step. This significantly
accelerates the calculations. After calculating the temperature distribution on the surface of
the cylinder, the transition to the next calculated time interval takes place t =t + At, i.e., the
cylinder is moved by an angle & = o« + 10°. Taking into account the thermal history from the
previous interval step, the redistribution of the active power on the surface of the cylinder
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is calculated again. Of course, the value of the time step At depends on the modeled
rotational speed of the cylinder. The presented calculation cycle is performed until the
rotating cylinder reaches a quasi-steady thermal state. An example of the temperature field
distribution on the surface of the rotating cylinder is shown in Figure 10a. Figure 10b shows
temperature oscillations along the circumference of the cylinder in a thermally steady state.

60 turns/min

70.15

— 70.1

©

[0

£70.05

®

2 70 |

s

Fe9.05

69.9 | | | |
0 0.5 1 15 2 2.5 3

Time[s]
(b)

Figure 10. Results of thermal calculations for several cylinder shifts (a); temperature fluctuations
under the inductor for three turns of the cylinder with a rotational speed of one turn per second (b).

Based on the calculations, it can be concluded that in a quasi-steady thermal state the
temperature fluctuations on the surface of the cylinder along its circumference caused by
its rotation are negligible (AT < 0.2 °C). Thus, in the analyzed setup, using a stationary
inductor for cylinder heating enables an almost constant temperature profile to be obtained
along the cylinder circumference, thanks to its rotational movement. As a consequence,
the two-dimensional model is sufficient to determine the dynamic properties of the heated
rotating cylinder. This enables the calculations to be accelerated significantly. The model
shown in Figure 11 was used to determine the temperature distribution along the cylinder
generatrix under different operating conditions. It was also used to study various algo-

rithms, ensuring a given temperature distribution along the cylinder axis. The results will
be presented in Section 4.

(@)

b)

Figure 11. Division of the 2D system into finite elements (a); magnetic induction distribution in the
inductor-cylinder system (b).
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4. Temperature Profile Control

As discussed in previous sections, the analyzed drying method relies on a contact heat
exchange between the cylinder and the tape. This implies a direct relationship between
the dryness of the material and the drying temperature. Consequently, in order to be able
to shape the dryness profile of cotton tape, it is necessary to facilitate the shaping of a
transverse surface temperature profile along the cylinder generatrix. Taking into account
the characteristics of heat exchange in the induction heated rotating cylinder (as analyzed
in Section 2), a set of stationary inductors can be used to heat the cylinder surface. Figure 12
shows an example of a transverse profile of the surface temperature of a cylinder heated by
six stationary inductors powered by a temperature controller with a set temperature value
of 80 °C in a steady thermal state. Although the temperature profile can be shaped to some
extent, there is significant irregularity in the temperature distribution.

80

75

65

60 : : ‘ ‘
O 20 40 60 80 100 120

Cylinder generatrix [cm]

Figure 12. Temperature profile in the heat-steady state during temperature control with six inductors.

Obviously, the larger the number of stationary inducting units, the higher the unifor-
mity of the temperature distribution at the cylinder surface. However, a larger number of
dedicated power sources (HF generators) are also required, which is quite an expensive
solution. Alternatively, a significant improvement in the uniformity of the temperature
profile and much more flexible shaping can be achieved by the use of a movable inductor.
This approach enables the generation of the required amount of thermal energy in any
area of the cylinder, so that even highly demanding requirements can be fulfilled. As the
heating and drying system becomes a two-degrees-of-freedom system, a two-loop control
system is required. One of the loops controls the heating power, while the other controls
the position of the inductors. A diagram of the system is shown in Figure 13.

Inductor

position Ar

control

Temperature profile Temperature
setpoint Tset(x) profile T(x)

Y

Y

Control plant

Y

\ 4

Heat power | P(x) L
control

T

Figure 13. Block diagram of a two-circuit temperature control system, where x—position along

the forming cylinder, Tset(x)—temperature profile setpoint, T(x)—temperature profile, P(x)—heat
power profile.
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The characteristics and final performance of the system are determined by appropriate
applied algorithms for both temperature and position control. For heating power control, a
simple on-off algorithm can be used, or, after determining the dynamic properties of the
object, a PID-type controller. A more specific solution is necessary when it comes to position
control. The most straightforward method is to enable a systematic, cycling movement of
the inductor along the cylinder generatrix. A flowchart of such an algorithm is shown in
Figure 14.

X =X +AX k=k+1

X + Ax > cylinder
generatrix

Figure 14. Flowchart of a systematic algorithm for inductor movement, where x is a coordinate
along the cylinder generatrix, k is an experiment step, P is heat power, and n is the maximum of
experimental steps.

The systematic algorithm addresses the most elementary demands resulting from
the tape drying process. By enabling the highly uniform spread of thermal energy over
the cylinder surface, the algorithm reduces variations in the temperature profile, which
is crucial for proper drying of the tape. However, since this algorithm does not take into
account the whole current transverse distribution of the temperature of the cylinder, the
system is unable to compensate for heat energy losses in the areas with higher humidity. A
flowchart of an algorithm that takes into account information on the temperature profile of
the cylinder surface is shown in Figure 15.

The main idea behind this algorithm is to direct the inductor to the position, i, where
there is the greatest demand for heating power at a given moment. Based on a discrete
form of the temperature profile T(i), the corresponding set of heating power values P(i) is
calculated according to a PD control strategy, and finally the coordinate, i, of the largest
element in vector P(i) is determined. This is the position where the inductor is located for a
given time step, when heating power is generated in the cylinder mantle.

To compare the algorithms, simulation studies were performed using the numerical
model presented in Section 3. Two variants of the inductor power supply were taken into
account: constant power and adjustable power. In the first variant, after setting the inductor
in a designated position, it was supplied with a constant heating power. In the second
variant, the heating power depended on the temperature error at the designated position
of the inductor.

To compare the results, a synthetic quality index was defined. This index expresses
the unevenness of the temperature distribution that occurs throughout the heating process,
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in the form of the average value of the standard deviation of the temperature for each
calculation step, expressed by the relationship

1& 1 & ) 1 .
I:Hkgl ﬁlzzl Tk(l)_aj;Tk(]) (10)

where T—temperature; K—simulation step number; N—number of simulation steps; i,
j—inductor position number; and M—maximum number of inductor positions.

T — temperature
e — control error
P — heating power
Kp — proportional gain of PD controller
Kd — derivative gain of PD controiier
x — coordinates along cylinder generatrix
Te Xset — inductor position setpoint
I k — simulation step
n — maximum number of simulation steps
k i — index of inductor position
N T m — maximum of inductor positions

A 4 ¢ t—time
(\ STOP ) N A A% X :v(i)

m

e (i)==
P, (i) = Kp(i)xe, , (i) + Kd(i) % W

|

i=i+1

Figure 15. Inductor movement algorithm based on the temperature profile of the cylinder surface.

The values of the simulated quality index I are shown in Figure 16.

As can be seen in Figure 16, the temperature profile-sensitive algorithm shows a
clear advantage over the systematic algorithm due to the high uniformity of the obtained
temperature distribution, which should also allow flexible temperature profiles and the
related dryness profiles to be obtained.

25.00
Constant heat power Controlled heat power
20.00 19.51
15.00
o
10.08
10.00
6.44
5.00 375
0.56 . 0.71

0.00 I . |

static inductor  systematic dedicated static inductor  systematic dedicated

algorithm algorithm algorithm algorithm

Variants of inductor movement

Figure 16. Values of indicator I calculated for different variants of inductor displacement and
power supply.



Appl. Sci. 2022,12, 261

14 of 24

Having a single inductor might be a quite significant limitation for industrial drying
systems where large drying cylinders are normally used. In such cases, directing heat
energy at only a single spot on the cylinder surface at a given moment may be insufficient to
achieve the required temperature profile. Moreover, replacing a systematic algorithm with
an algorithm taking into account the current temperature profile of the cylinder surface
results in a significant degradation of the uniformity of the profile. This problem can be
solved and the flexibility of the whole system can be increased significantly by using a set
of independent inductors, located in such a way that the maximal area of the cylinder can
be covered. An example of such an approach was developed, in which two groups of three
inductors are used with a dedicated positioning algorithm (Figure 17a).

distance
between
. . overlaping
Inld_WICTth plositionls
[ <>
| | | |
| | | |
| | | |
— ! First group of inductors
ind1 |ntI12 7 ind3 [7 i
| | |
|
| %l : i — — Second group of inductors
| n | n n
\ | l_I_V : |
| | | | | |
| | | | | |
| | + | | |
! ! | | | | o
+—t t T t t t »
0! | I I I | X
x1 x4 x2 x3 x5 X6

pl=[x1 x2 x3]
p2 = [x4 X5 x6)

(a)

START

p1=p2=[000]
e = Tset(x) - T(x)

l

[€ sonind] = sort(e)
p1=ind(1),ak=2,ai=2

p2 = sort(p2)

STOP

Y: N
ak=3
p1=sor1(p1)_
ak=1ai=2 p1(ak) = ind(ai)
ai=ai+1 ak=ak+1
ai=ai+1
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p1 — positions of first group of inductors
p2 — positions of second group of inductors
x — coordinate along cylinder generatrix
T(x) — temperature profile
Tset(x) — temperature profile setpoint
e — vector of temperature errors along cylinder generatrix
e, — descending sorted vector e
ind — indexes of descending sorted elements of vector e
ind_width — inductor width
diff_p1_p2 — i between ing positions of both groups of inductors
ai, ak — auxiliary variables
(b)

Figure 17. Scheme of the organization of inductors in a 2 x 3 arrangement (a) and a network of

actions by the algorithm for determining the positions of the inductors along the cylinder generatrix,
based on the temperature profile (b).
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The flowchart of the algorithm is shown in Figure 17b. After simple modification,
it can be used for systems counting any number of inductors divided into any number
of groups.

The algorithm in Figure 17 controls the locations of the inductors, which are arranged
in two groups of three inductors. The inductors are moved to places characterized by
the highest temperature error, taking into account limitations including the width of the
inductor (the distance between inductors in the same group must be greater than their
width) and the width of the overlapping interactions of inductors in different groups.

To compare the proposed algorithm to the systematic approach applied for a given
set of inductors a heating experiment to the required temperature of 70 °C was conducted.
The experiment illustrated the control quality in different heating phases. The process
requirements were to heat up the cylinder surface uniformly from the ambient tempera-
ture and stabilize it at the required level, maintaining uniform temperature distribution
along the cylinder generatrix. During the experiment, the irregularity indicators of the
temperature profiles along the cylinder generatrix were determined based on the maximum
and minimum values of the profile: AT(t) = Tmax(t) — Tmin(t). The results are shown in
Figure 18.

80 T T T T T
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Figure 18. Temperature waveforms of the cylinder surface during heating (averaged values along
the perimeter of the cylinder, Tayg, and the irregularity indicators of the temperature profiles along
the cylinder generatrix; s—systematic algorithm; d—dedicated algorithm).

Analyzing the irregularity indicators of the temperature profiles along the cylinder
generatrix shown in the lower part of Figure 18, it can be seen that, during the whole
experiment, the difference between the maximum and minimum temperatures on the
drying cylinder surface did not exceed 3 °C, whereas with the systematic algorithm it
reached 14 °C. This proves that much higher uniformity of temperature distribution was
achieved using the dedicated algorithm. Moreover, the unevenness of the temperature
distribution during the experiment remained at a fairly constant level with the dedicated
algorithm, whereas with the systematic algorithm it exhibited a clear maximum at t;.
More detailed analysis of the experiment, especially of the temperature distributions along
the forming cylinder shown in Figure 19, revealed that because the boundaries of the
cylinder naturally have much higher heat losses than the center, even when supplied
with the full available power the systematically positioned inductors are unable to deliver
enough heating energy. This results in a high irregularity of the temperature profile for the
systematic algorithm, especially in the heating-up phase of the process, where it reached
14 °C at time t; (Figure 19a). At t;, the internal part of the cylinder surface reached the
set temperature value, so it ceased to be heated. After t;, only the points that had not yet
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reached the set temperature value were heated. As a result, the temperature difference
between the sides of the cylinder and its center began to decrease and reached around
3 °C at the end of the experiment (Figure 19b). Figure 19 shows that the course of the
experiment was qualitatively different when the dedicated positioning algorithm was used.
The dedicated algorithm ensured uniform heating of the whole cylinder surface from the
very beginning of the process so that the irregularity indicators of the temperature profiles
along the cylinder generatrix did not exceed 3 °C during the whole experiment. At the same
time, the dynamics of the whole process were maintained as the averaged temperature
at the cylinder surface reached its set-point value slightly faster than for the systematic
algorithm, which can be seen in the upper part of Figure 18.
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Figure 19. Temperature distribution along the forming cylinder obtained at time t; (a) and at the end
of the experiment (b).

Finally, to illustrate the broad functionalities and flexibility of the developed temper-
ature control system, a two-stage experiment was performed. The results are shown in
Figures 20 and 21. The experiment started with a 20 min. heating phase from ambient tem-
perature to the required temperature of 50 °C, during which a uniform temperature profile
along the cylinder generatrix was assumed. Then, the temperature profile was commanded
to be changed as quickly as possible to a linear function in the range of 45-55 °C. The
space temperature distribution over time shown in Figure 20 proves that both goals were
successfully achieved. The detailed diagrams of temperature distributions at the end of
each phase indicate that the required temperature profiles were fulfilled with high accuracy



Appl. Sci. 2022,12, 261

17 of 24

of £0.2 °C for the uniform distribution and £0.5 °C for a linear distribution. These features
enable the possibility of obtaining a dried cotton tape with any desired dryness profile.
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Figure 20. Temperature distribution along the forming cylinder over time.
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Figure 21. Transverse temperature profile of the surface of the cylinder after the first (a) and second
(b) stages of the experiment (setpoint—red, measured value—blue).

5. Dryness Control

The overall aim of this study was to develop a solution for the dryness control of a
wet cotton tape. We used an induction heated cylinder, the temperature of which can be
measured and controlled. The output signal of the entire system was the absolute humidity
of the tape, measured using a microwave moisture meter and defined as [31]:

M=% 100% (11)

My + My
where m,, is the mass of water and my, is the mass of cotton.
Since the dryness of cotton tape is more often used in practice, it can be defined as:

D =100% —-M (12)

where D is cotton dryness.
From the point of view of control theory, the controlled plant can be regarded as a
block with heating power P at the input and the dryness of the material D as the output, as
shown in Figure 22a. An additional available intermediate signal is the surface temperature
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of the cylinder, which can serve as an auxiliary source of information for the control system,
as illustrated in Figure 22b. Therefore, different types of control system structures can be
applied and analyzed, including a classic PID-type controller within a single control loop
stretched between the material dryness signal and the heating power signal (variant a), and
a cascade controller, the operation of which is influenced by auxiliary surface temperature
signal (variant b).

(a)

Pes) »  Gpp(s) D(s) >

(b)

P(S_)) Ger(s) _>T(S) Gro(s) HD(S)

Figure 22. Models of the object developed for the needs of both analyzed variants for controlling the
dryness of a cotton tape: for classic PID-type controller (a) and for cascade controller (b), where P is
the heating power (W), D is the dryness of the material tape (%), T is the surface temperature of the
cylinder (°C), G is the operator transmittance, and t is time (s).

To estimate the transfer function parameters of the models in Figure 22, an experimen-
tal identification procedure was performed. A 1000 W step input response of the whole
system (i.e., from the heating power to the dryness of the tape) was recorded, along with
the surface temperature change during the experiment. The system identification tool
from the System Identification Toolbox Package Matlab R2021a was used to determine the
optimal parameters of the models from Figure 22. It showed that satisfactory modelling
quality was achieved using first-order inertia blocks, expressed by Equation (13) [38] for
each component of the model—i.e., Gpp(s), Gpr(s), Gtp(s).

K

sxN+1 (13)

Gls) =
where K is the gain and N is the time constant.
The optimal parameters for the models from Figure 22 determined by the identification

procedure are gathered in Table 2.

Table 2. Parameters of the transfer function models from Figure 22.

Gpp Gpr Gtp
K 3.99 x 1072 %/W 1.48 x 1072 K/W 2.61%/K
N 442 x 103 s 205 % 10%s 1.87 x 103 s

The final identification accuracy is shown in Figure 23, which plots the relative dryness
responses of the real plant and its two transfer function models to the 1000 W step input
heating power.
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Figure 23. Responses of the object of research and two models to the jumping force with a power of
1000 W (D and DO indicate the current dryness of the tape and its initial dryness at the start of the
experiment, respectively).

As both models demonstrated similar modelling accuracy, only variant b was used
in further research, as it is suitable for simple one-loop control and opens the possibility
of building a cascade control system. The two analyzed control systems are shown in
Figure 24.

Classical Pl controller Control plant

a) i_ ________ 1 [T T T T T - oo |

Diee(s)_, eo(s) | PI L op ! T6),, 1 D(s)
A - _l—»
I ™| controller | I Gerls) Grofs) : >
o I \ - __ 1
Cascade controller Control plant
________________ -i ===
|

Master Slave || P(s), . T(s) I D(s)

controller controller | | I Ger(s) »| Grls) |

|

Figure 24. Analyzed systems for controlling the dryness of cotton tape, using a classic PI controller
(a) and a cascade controller (b), where Dget is the dryness setpoint value, ep is the dryness control
error, P is the heating power, T is the surface temperature of the cylinder, D is the dryness of the
cotton tape, Tset is the value set for the surface temperature of the cylinder, and er is the surface
temperature control error.

In the classic control loop, the heating power value, which is the input of the plant,
is determined only by the dryness of the tape. In the case of a cascade controller, the
master controller is fed by the dryness signa and determines the setpoint for the slave
controller—i.e., the temperature required at the cylinder surface. Thus, the heating power
depends on both the dryness deviation of the tape and the temperature deviation of the
cylinder surface. Moreover, the cascade approach ensures a faster reaction by the control
system to changes in the humidity of the tape, which results in temperature changes at
the drying cylinder. In both control structures, a PI controller with a parallel structure (14)
was used:
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G(s) = Kp+Ki x % (14)

where Kp is the proportional gain of the PI controller and Ki is the integral gain of the PI
controller.

The control systems for both structures from Figure 23 were synthesized using the PID
Tuner tool in the Simulink R2021a package by MathWorks, based on the model parameters
given in Table 3. The controller settings were adjusted so that the step input response of the
entire system exhibited a 5% overshoot in dryness. Table 3 presents the controller settings
and Figure 25 the results of the simulated dryness control for both structures.

Table 3. Settings of the controllers from Figure 23.

PI Controller Master Controller Slave Controller
Kp 34.6 (W/%) 0.75 (K/ %) 1064 (W/K)
Ki 0.01 (W/%/s) 42 x 1074 (K/%/s) 2.2 (W/K/s)
~——Setpoint
——Cascade
Pl
0 2,000 4,000 6,000 8,000

t[s]
Figure 25. Simulation runs of tape dryness adjustment using both adjustment variants.

Both control systems were implemented in the experimental setup described in Sec-
tion 3 and some experimental verification was performed. An example of a step input
response including the waveforms of all signals of interest is shown in Figure 26.
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Figure 26. Cont.
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Figure 26. Experimental results of adjusting the dryness of the tape after changing the set value
of dryness by 5%. Dryness waveforms (a), heating power waveforms (b), and cylinder surface
temperature waveforms during cascade control (c).

As can be noticed by comparing Figure 26a with Figure 25, the courses of the control
action and the final control quality obtained in the experiments were very similar to the
simulations for both types of control systems. This proves the correctness of the elaborated
models of the control object, as well as the effectiveness of the chosen control methods.

The quality achieved in both control variants was assessed on the basis of two perfor-
mance indicators: the time of reaching the zone of 10% around the set-point (marked as Tg)
and the ITAE integral criterion, defined as:

n
ITAE = ) |Dset(k) — D (k)| x k x At (15)
k=1
where Dget—set value of dryness; Dn—measured dryness value; k—adjustment step; and
At—sampling period.
The values of the control quality indicators are collected in Table 4.

Table 4. Settings of the controllers from Figure 24.

Ts (s) ITAE (% s)

PI 4972 2.24 x 107
Cascade 3189 9.74 x 10°
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As anticipated, the cascade control outperformed the classical one-loop approach,
ensuring a more than 30% faster response by the whole system and a significant reduction
in the ITAE performance index. This was obtained by shortening the path along which
information about the state of the system has to pass in the feedback loop, through the
controller, to the input of the plant. Consequently, as shown in Figure 26b, the cascade
controller applies much more heating power in the initial phase of the step response
compared to the classic PI controller. This results in the dryness set point being reached
faster. At the same time, the slave controller brings the surface temperature of the cylinder
quite quickly to the setpoint value determined by the master controller. It then quite
faithfully tracks the changes to the set temperature value. Since the cascade controller
converts the dryness loss to the temperature of the cylinder surface, the key to controlling
the dryness profile along the forming cylinder is the ability to control the temperature
profile, as presented above.

6. Conclusions

In this paper, we proposed an alternative approach to drying tape-shaped fibrous
materials. Induction heating was used in a drying system consisting of a set of cylinders
through which the dried tape runs. By enabling movement of the inductors (electromagnetic
field sources), the system provides a high level of flexibility in terms of reacting to the
varying humidity of the dried tape. Imaging the temperature field on the surface of the
drying cylinder provided a supplementary source of information during the drying process,
enabling a temperature profile of the control sub-system to be created. This approach
constitutes an important step forward compared to classical water steam-based industrial
solutions, significantly improving the energy efficiency of the process and the final quality
of the product. Based on simulations using a numerical model of electromagnetic and
thermal phenomena, we conducted a detailed analysis of energy generation and heat
exchange in the system. It was proven that all aspects of the considered system, including
the rotating movement of the cylinder, can be modelled numerically with satisfactory
accuracy, giving us possibility of determining parametric models for control purposes.
Two types of humidity control systems, a one-loop feedback control and a cascade control,
were designed and analyzed. By introducing the temperature profile control subsystem,
we ensured a more than 30% faster response of the whole dryness control system, which
can improve the energy efficiency of the production process. Experimental verification
of the proposed method was performed using a semi-industrial setup equipped with a
computer-based control system. Our results prove that high quality dryness control can
be achieved, especially using a cascade control system with the temperature profile of the
drying cylinder surface as an auxiliary signal.
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