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Abstract: Predictive computer simulation of the temper-
ature field control system of an induction heated object
encounters difficulties associated with the nonlinearityof
systemon the one hand,and the time of calculation on the
other hand, during numerical analysis of the magneto-
thermal field of the object, especially in 3D. The paper
presents amethodology for the fast simulation of tempera-
ture field for a completed induction heating system of cal-
ender rolls. The method of 3D calculations of rotating cal-
ender rolls with a moving web of wet paper can be con-
nected easily with a simulation of the temperature field
controller, for simulation of complex control systems.
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1 Introduction
One of the final stages of the production of paper and pa-
perboard is the process of its honing, so-called calender-
ing. This consists of passing the paper web through a set
of rollers which give it the proper thickness, shine and
smoothness. This process is implemented in the final stage
of drying the paper, the most energy intensive manufac-
turing cycle. In the drying section the paper web is usu-
ally drainedbyusing rollers heatedby steam. The calender
rolls can alternatively be heated by induction [1], which
is especially useful in recently developed high tempera-
ture calendaring [2–4] technology. The induction heating
method gives the possibility of local heating to chosen ar-
eas of the roll to reduce non-uniform temperature distri-

*Corresponding Author: Jerzy Zgraja: Lodz University of Tech-
nology, Institute of Applied Computer Science, al. Politechniki 11,
90-924 Lodz, Poland, E-mail: jzgraja@p.lodz.pl

bution caused by for example differences of moistening of
the paper. The temperature stability of the rollers helps to
maintain their constant diameter, and thus helps to main-
tain a constant thickness of the paper web. The induction
heatingmethod canbeusedas local overheatingof the cal-
ender cylinders alreadyheated by the steamor canbeused
separately. The systems of inductors (see Figure 1) can be
used to dynamically correct for the temperature distribu-
tion along the rolls, to eliminate the adverse effects of var-
ious types of noise (e.g. different humidity of the moving
paper web). In this case we can distinguish two different
research tasks: design the induction heating setup and de-
sign the control system of temperature field distribution,
which will be able tomaintain quickly and steadily the de-
sired temperature distribution along the calender roll. The
design and test of such a complex nonlinear control sys-
tem with several moving inductors, should base on com-
puter simulation process combining the simulation of con-
trol systems and simulation of inductors, i.e. the calender-
ing roll system (control object). A similar situation occurs
in a control system supported on-line by computational
prediction.

 
 
 
Fig. 1. Induction heated calender roll. 
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Figure 1: Induction heated calender roll

Unfortunately the simulation model of the induction
heated calender roll (3D, nonlinear, including rotationmo-
tion and linearmotion of an infiniteweb of paper, Figure 1)
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seems tobe very complicated, and the timeof its numerical
analysis is usually unacceptable for such an application.

This paper presents a methodology of constructing a
simplified model of the induction heated calender roll,
which can be used to simulate complex temperature dis-
tribution control systems.

2 Numerical simulation of the
induction heating of the rotating
cylinder

The uniform induction heating of rotating cylinders can be
realized in practice by different types of inductor systems,
for example a relatively simple solution is onemain induc-
tor and two additional side inductors, Figure 1. Regardless
of design, the ability to simulate the electromagnetic and
thermal fields associatedwith the rotating cylinder is help-
ful. It is best if coupling of the inductor-charge systemwith
the energy source is taken into account [5, 6] too. Addi-
tionally, the heat exchange existing between inductively
heated rolls and a dried wet web of paper (or cloth) is dif-
ficult to analyze.

Themathematical analysis of such a system, as briefly
shown in Figure 1, is carried out by solving Maxwell equa-
tions describing the magnetic part and Fourier-Kirchhoff
equations describing the thermal part.

To show the difficulties of simulating the system lead-
ing to long time of calculation, the simplified system, Fig-
ure 1, without the web of paper, has been calculated first.
It was done for a rotating steel cylinder with diameter
D = 600 mm, length L = 1250 mm and wall thickness
g = 7 mm.

The problem was considered by FEM, solving a cou-
pled electromagnetictime harmonic field with transient
thermal field, using the commercial Flux program.Taking
into account the size of the considered model and power
supply frequency f = 20 kHz, the surface impedance
method for solving electromagnetic field was used.

For an assumed rotating speed θ = 40 rpm the time of
one full rotation cycle is tr = 1.5 s, which for the time step
∆t = 0.03 s gives 50 steps of cylinder motion during its one
cycle of rotation. As an example, for the current I = 500 A
and I = 300 A in main and side inductors respectively, the
distribution of the eddy current (Figure 2a) and the tem-
perature in the load (Figure 2b) after time t = 12 s are pre-
sented. The total power dissipated in the load was about
13.5 kW. As it can be noticed after eight cycles of rotation
(t = 12 s), the cylinder temperature increased only about

(3÷6)∘C, but it required 400 expensive, coupled calcula-
tions.

Fig. 2. The distribution of eddy current (a) and temperature (b) of induction heated  rotating  roll, after t=12 s its heating. 
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Figure 2: The distribution of eddy current (a) and temperature (b) of
an induction heated rotating roll, after t = 12 s of its heating

This example confirmed that for the considered
inductor-load system, the typical FEM approach of solv-
ing coupled electromagnetic, thermal and motion (even
without linear motion of the paper web) physics, is not
appropriate for the control system simulation. Taking this
into consideration, and additionally that the temperature
of calendering rolls typically changes only a few degrees,
another approach based on the one hand on partial decou-
pling and on the other hand on simplified modeling of the
moving paper web, has been suggested.

3 Simulation of induction heating
of rotating cylinder with wet
paper web

In the work [7] the simplifiedmethod of simulation of heat
transfer between calendering roll and paper is presented.
By combining thermal conduction and existing thermal
conditions with energy balance, the movement of the pa-
per web can be neglected, as it is shown (for 2D model)in
Figure 3. As can be seen, two types of cylindrical surfaces
(in 3D volumes) have been created: rotating (steel roll)
and non-rotating (generally representing heat sources and
sinks). There is no thermal resistance between these two
types of region. The fixed regions may represent this part
of roll surfacewhere power is dissipated (regions under in-
ductors), aswell as areas of intensive heat removal (in con-
tact with the wet web of paper). This approach may solve
the problem of connecting the rotation motion of the roll
with linear motion of the endless paper web. The mate-
rial parameters of the areawhich represents the paperweb
can be treated as a function of the observation time. This
makes it possible to analyze the dynamic effects of chang-
ing these parameters (e.g. moisture and temperature) on
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the temperature of the rotating roller smoothing the paper.

Fig. 3. The 2D model of heat transfer between the rotating cylinder and the moving paper web. 
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Figure 3: The 2D model of heat transfer between the rotating cylin-
der and the moving paper web

In general, two main problems can be highlighted in
the considered issue. Firstly, how to present and simulate
the induction heating (power generation), and secondly
how to simulate the heat transfer to wet web, its drying
and heating.

It was assumed that the large roll diameter in compar-
ison to the circumferential size of inductors, as well as the
skin effect and high speed of rotation, means the integral
of volumetric power density dissipated in the roll (along
the circumference and thickness of the cylinder wall)can
be used in thermal calculations, instead of the actual dis-
tribution of volumetric power density. This leads (in 3D)
to the usage of the linear power density distribution along
the length of the cylinder in thermal calculations.

Taking into account that the temperature of calender-
ing rolls changes during the work only about a few de-
grees, the linear power density along the length of cylin-
der can be calculated (for roll working temperature) by
electromagnetic calculation not coupled with the thermal
calculations. This allows a significant reduction in consid-
ered area and the omission of motion, as is shown in Fig-
ure 4. For example, in Figure 4a the volumetric power dis-
tribution on the surface roll under the inductor and calcu-
lated linear power density along a generatrix of the cylin-
der, for two values x of position of the side inductor (for the
same inductor parameters and power supply as assumed
above), is shown in Figure 4b.

The calculated linear power distribution for 3D anal-
ysis or power for 2D can be used as the power source in
“Main inductor area” or “Control inductor area”, Figure 3,
in considered simplified thermal model of rotating cylin-

der and moving paper web. It can be [7] used for simulat-
ing both the process of induction heating of a calender roll
without paperweb, andwhen the roll (onpart of its circuit)
has contact with wet paper web, as shown in Figure 1.
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Fig. 4. The volumetric (a) and linear (b) power density distribution, in the considered  part of stationary cylinder. 

a) 

b) 
l

x 

2.17 E9 
1.99 E9 
1.81 E9 
1.63 E9 
1.44 E9 
1.26 E9 
1.08 E9 
9.02 E8 
7.22 E8 
5.41 E8 
5.41 E8 
3.61 E8 
1.80 E8 
5.7 E-6 

Power 
density 

W/m3 

Figure 4: The volumetric (a) and linear (b) power density distribu-
tion, in the considered part of stationary cylinder

During the time ∆tcof contact, the paper web is warm-
ing up from temperature ϑin to ϑout close to the tempera-
ture of cylinder ϑcyl. The average ϑav temperature of thepa-
per cross section achieves ϑav>0.95·ϑcyl usually in a time
∆t less than the time ∆tc. Taking this into account the area
of the cylinder-paper contact can be divided into two ar-
eas, referred to as "cold paper" and "hot paper". In a such
situations it can be assumed that in a "hot paper" area
there is no energy accumulation in the web paper but the
area (Figure 3) “cold paper” should consume the power
(ϑav>100∘C>ϑin) with volumetric density [7]:

pv = −[cpap · (ϑav − ϑin) + w · cvap] · ρpap
∆t · ggm

(1)

where: ρpap– paper density, cpap – specific heat of the pa-
per, cvap - water vaporization heat,w – papermoisture, g –
real thickness of paperweb, gm– thickness of paperweb in
the simulation model.

The value ∆t of time should be chosen in such a way
that for a cylinder rotating at speed θ, described by (2) the
angular part ∆ψ of the cylinderwhich adjoins the “cold pa-
per” would be less than angular part ∆ψw of the cylinder
that adjoins the whole web of paper,

∆ψ = θ
60 · 2π · ∆t (2)

where: θ- rotating speed in rpm.
Using the abovemethod, the calendering processwith

induction heated roll was simulated. As an example it is
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presented in the case of paper web width 2·wp = 1 m, with
ϑin = 120∘C and θ =40 rpm (so in expression (1)w·cvap =0).
It is assumed that the roll has already been heated to a
temperature of approximately 200∘C and the longitudinal
distribution of linear power density is as in Figure 4b, for
x = 80mm. In Figure 5 the temperature distribution which
occurs along the cylinder, in the half of its angular part ad-
joining the paper web, was presented.

The example of longitudinal temperaturedistribution,
Figure 5, presents the very important problem of calender-
ing.

Non-uniform temperature distribution leads to differ-
ences in roll diameter, which leads to differences in thick-
nesses of the treaded web of paper. As shown this nonuni-
formity depends on the web of paper and its parameters
(temperature, moisture, etc.)
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Fig. 5. The temperature distribution along the length of the rotating cylinder with and without paper web. 

Figure 5: The temperature distribution along the length of the rotat-
ing cylinder with and without paper web

This requires correction which is possible when the
induction heating method is used. This can be realized
by the set of additional inductors, (“control” inductors)
which can be similar, Figure 6, to the side inductors men-
tioned above or a mobile inductor [8]. The work of such a
mobile inductor should be controlled (position and dissi-
pated power) in order to stabilize the uniform temperature
distribution regardless of disturbance by the paper web.
The exact shape of such an inductor and the associated
special control system can be determined by using the pre-
sented method to simulate the calendering system.

The distribution of the linear power density in the roll
for an additional “control” inductor can be calculated, as
done above for a main inductor, by separately solving the
electromagnetic numericalmodel of the inductor, Figure 6.

For magnetic parameters of a steel cylinder described
by saturation Js = 1.9 T and initial magnetic relative per-
meability µr = 1000, the distribution of linear power den-
sity Pl,con dissipated in the cylinder along direction s (Fig-

Fig. 6. The simulation model of “control” inductor-steel cylinder system.
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Figure 6: The simulation model of “control” inductor-steel cylinder
system

ure 6), for two different values of current in a 10 turns in-
ductor (f = 20 kHz), is shown in Figure 7a. The average
value of the linear power density for each of the eight high-
lighted sections (10 mm width) of the “control” inductor
was calculated.

During simulation of the temperature control process,
the distribution of power in the roll (induced by the "con-
trol" inductor) is controlled to obtain the required tem-
perature distribution. The distribution of the linear power
density Pl,con generated by the “control” inductor is cal-
culated in another numerical model and only then the re-
sults are transmitted to the thermal model, which is used
for simulation of the control system. Additionally, wemust
remember that the steel roll is a magnetic nonlinear ma-
terial, so there is also a nonlinear relationship between
current in the inductor and generated power. Taking this
into account, for the “control” inductor not only distribu-
tion of linear power density Pl,con but also the linear re-
sistance Rl,con(Iind,n) as a function of inductor current Iind
(has influence onmagnetic field strange) for each n section
of cylinder, Figure 7b, under the “control” inductor must
be calculated:

Rl,con,n =
Pl,con,n
I2ind

(3)

The magnetic non-linearity has direct influence not
only on the resistance, but on the inductance Ltotal,con of
the system too (Figure 7b),which in turn has an impact on
the resonant frequency of the power supply inverter and
in this way (penetration depth) again on resistance. This
should be taken into account when in the thermal calcula-
tions the distribution of the linear power density Pl,con is
calculated, based on the above linear resistances (3).

The initial electromagnetic calculations are realized
as time harmonic for constant frequency values (in that
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Fig. 7. The distribution of the average linear density Pl,con of power in each  n section on cylinder (a), the linear resistance  Rl,con  of  
sections and inductance of the system Ltotal,con as function of effective value of  inductor current (b). 
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Figure 7: The distribution of the average linear density Pl,con of
power in each n section on cylinder (a), the linear resistance Rl,con
of sections and inductance of the system Ltotal,con as function of
effective value of inductor current (b)

example for f = 20 kHz). Assuming, that the imposed fre-
quency occurs, in real setup, for inductor current close to
the zero values Iind→ 0, the calculated linear resistance
Rl,con(Iind,n), Figure 7b, should be corrected (in thermal
calculations) in accordance with:

Rcorrl,con(Iind , n) = Rl,con(Iind , n) · 4

√︃
Ltotal,con(0)
Ltotal,con(Iind)

(4)

where: Ltotal,con(0)- inductance of the system for Iind→ 0.
Equation (4) gives an approximate account of the

effect of the current value (by the value of inductance
Ltotal,con) on the resonant frequency and then (by vary-
ing the penetration depth) on the linear resistance of the
charge.

The presented methodology was tested in the case of
simulation of the temperature distribution control system
(see Figure 8) by joining the work of two commercial pro-
grams, Flux and Portunus. In the FEM program (Flux) the
temperature ϑ 3D distributions were calculated. Addition-
ally, for paper web the average (on the thickness) temper-
ature ϑave along the width 2wp of paper web and average
temperature ϑcontr on the “control” inductor width 2wcontr
(used for control) were calculated. In the presented exam-
ple the “control” inductor was used to correct tempera-
ture distribution around the edge of the paper web. It was
placed in such a way that its axis of symmetry was located
at a distance of 30 mm from the edge of the paper web (lo-
cation of the minimum temperature), Figure 5.
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Fig. 8.  A block diagram of the simulation model for the control of temperature distribution for induction heating of rotating cylinder with 
paper web. 

 
 
 
 
 

Figure 8: A block diagram of the simulation model for the control of
temperature distribution for induction heating of rotating cylinder
with paper web

For a simple P controller with gain 10, Figure 9a shows
the surface temperature distribution around the perime-
ter of the cylinder on its symmetry surface (no “control”
inductor influence) and on symmetry surface of “control”
inductor (after two and three rotations, 3 s and 4.5 s). Fig-
ure 9b shows the longitudinal temperature distribution
under the paper web, for 3 sand 4.5 s after switching on
the temperature control system.
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Fig. 9. The temperature distribution along the circumference (a) and the length (b) of the rotating cylinder with temperature control system. 
 

Figure 9: The temperature distribution along the circumference (a)
and the length (b) of the rotating cylinder with temperature control
system
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4 Conclusions
The temperature distributions in Figure 9 show that the
methodpresented abovemaybeused to simulate a 3D tem-
perature field control system for the induction heating of
the rotating steel roll with a linear motion of paper web
taken into account. The resulting temperature distribution
along the cylinder length, seen in Figure 9, is obviously not
satisfactory, but the aimof the present studywas not to op-
timize the inductors but to present the simulationmethod-
ology. The presented method is suitable for the fast simu-
lation of the whole control system including the process of
calendaring, with 3D FEM calculation of induction heat-
ing, considering the rotation (roll) and the linear move-
ment (paper). The methodology can take into account the
magnetic and the thermal nonlinearities of the system, on
the onehand, and allows simulation of the problemwithin
a reasonable time, on the other hand.
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