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We present a novel practical design optimization for the primary core in an induction heating roll, which significantly
affects the heating performance. To optimize the 3D eddy current field problem within an acceptable CPU time, we
effectively combine 2D magnetostatic optimization and 3D coupled magnetic-thermal FEM. For the 2D optimization,
we adopt the level-set method, which has an advantage of being able to derive a feasible shape. However, the disad-
vantage is that its result occasionally falls into a local optimal solution. To overcome this disadvantage, we propose
conducting the initial conceptual design with the linear level-set method before using the nonlinear level-set method to
expand the search domain. Furthermore, we incorporate the parallelized move-limit strategy into the level-set method
to prevent the configuration from undergoing excess deformation by the operation for the area constraint. Finally, the
2D optimal shape obtained using our new level-set method is converted into a straight line cross-sectional configuration
to improve manufacturability, and the final 3D design is created with slits. The final 3D design obtained as a result of
the 3D FEM successfully improves both the heating speed and temperature uniformity on the surface of the heating
part under the same conditions of input AC current and material volume.

Keywords: coupled magnetic-thermal analysis, design optimization, finite element method, induction heating, level-set method,
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1. Introduction

Heating rolls are applicable to various kinds of manufac-
turing process in textile, non-woven, paper, printing and film
industries. Recently, induction heating is becoming wide
spread for generating heat because of its fast response to input
changes which allows easy output controls. Through multiple
means, induction heating machinery has been enhanced as
follows: By inserting heat pipes with very high thermal con-
ductivity, uniformity of the outer surface temperature of the
roll is improved . The amplitude and frequency of the cur-
rent and the coil position and volume are optimized to ame-
liorate the heating efficiency ®®. In addition, primary core
design is also important because it determines the magnetic
flux distribution in the secondary core which has a great in-
fluence on the heating performance. However, there are few
reports on the primary core design.

a) Correspondence to: Kazuki Hirono. E-mail: hsvvjsm@akane.

Since conceptual design is semi-automatically derived, op-
timization methods are often utilized for electrical equipment
design. Topology optimization has a potential for reaching
higher performance solution in comparison with other opti-
mization because it allows the changes in topology as well as
the shape of target structure. However, topology optimization
occasionally falls into an unfeasible solution. Among a va-
riety of topology optimization methods, level-set method “~©
is an attractive design tool because this method can obtain a
more practical shape. Although this method is expected to
be applied to the design of many actual devices, its current
use, as far as we know, is limited to only IPM motor ® in a
magnetic analysis.

In this paper, we focus on the 3D design optimization of a
primary core in an induction heating roll by level-set method.
The purpose of this optimization is to improve heating speed
and temperature uniformity on the surface of the heating part.
Since this 3D design optimization problem takes an unaccept-
ably long CPU time, we positively approximate this prob-
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level-set method and 3D coupled magnetic-thermal FEM.
First, we define 2D magnetostatic optimization model in con-
sideration of physical phenomenon. Second, we carry out 2D
shape optimization of the primary core by level-set method
with magnetic nonlinearity. Before the nonlinear level-set
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Fig. 1.
gion)

3D structure of an induction heating roll (half re-

method (NL-LS), we propose an ingenious approach with the
initial conceptual design by linear level-set method (L-LS),
i.e., we adopt the optimal shape by L-LS as the initial shape
of NL-LS. Furthermore, we suggest the parallelized move-
limit strategy which selects the best time step size in level-set
method. It enables us to avoid over-correction of the level-
set function and consequently obtain a more feasible shape.
Finally, we convert the 2D optimal shape produced by our
new level-set method into a straight line cross-sectional con-
figuration to facilitate the manufacture. In creating 3D de-
sign by rotating the cross-section, we arrange slit structure
which aims to save weight while maintaining performance.
To demonstrate the validity of our proposed design optimiza-
tion method, the 3D design is evaluated by the 3D coupled
magnetic-thermal FEM which considers magnetic nonlinear-
ity properties. As a result, the final 3D design successfully
improves both heating speed and temperature uniformity on
the surface of the heating part under the same conditions of
input AC current and material volume.

2. Heating Principle of Induction Heating Roll

Figure 1 shows the half of the structure of an induction
heating roll. The primary core is composed of silicon, carbon,
stainless steel and the secondary core consists of carbon steel.
Alternating flux generated by the exciting coil flows from the
primary core to the secondary core. Then the magnetic flux
induces an eddy current in the carbon steel in the secondary
core, which heats the roll. Therefore, primary core has a sig-
nificant influence on the heating performance because pri-
mary core decides the magnetic flux distribution in the sec-
ondary core which induces an eddy current. Especially, we
focus on the design of primary core tip located between pri-
mary and secondary cores, which affects how magnetic flux
flows from primary core to secondary core. In order to maxi-
mize the performance, we conduct the topology optimization
of tip which has higher freedom than that of other optimiza-
tion, such as size and shape optimization. Since topology
optimization tends to reach an unfeasible solution, we adopt
level-set method which enables us to improve the feasibility
of solution in comparison with other topology optimization
methods.

3. Design Optimization Methods

3.1 Combination of 2D Level-set Method and 3D Cou-
pled Magnetic Thermal FEM  In this paper, we perform
3D design optimization of the primary core in an effort to
improve the heating performance. Since this 3D eddy current
field optimization problem takes an unacceptably long CPU
time, we combine 2D magnetostatic level-set method and 3D
coupled magnetic-thermal FEM to reduce the computational

65

Real machine model

)

Creation of
2D magnetostatic model

v
2D shape optimization
by level-set method

v

Determination of
2D cross-sectional and 3D structure

)

Heating performance evaluation
by 3D coupled magnetic-thermal FEM

Fig.2. Flowchart of the proposed design optimization
method

cost positively. The flowchart of this combined design opti-
mization method is shown in Fig. 2. First, we simplify the
real machine model into the 2D magnetostatic optimization
model in consideration with the characteristics of physical
phenomenon. Since the distribution of eddy currents greatly
depends on that of magnetic flux flow, we convert the eddy
current field problem into the magnetostatic field one. Fur-
thermore, we can appropriately approximate the flux distri-
bution in the 3D model into that in the 2D one in consider-
ation with the symmetry of the investigated roll. Therefore,
we convert the 3D model into 2D one as shown in Fig. 2,
which enables us to dramatically reduce the computational
burden. Second, we implement level-set method with mag-
netic nonlinearity to derive the conceptual design indicating
the optimal magnetic circuit. Third, the obtained concep-
tual design is converted into a straight line cross-sectional
configuration to improve manufacturability while keeping the
magnetic circuit. Finally, we create the final 3D design with
slits by rotating the cross-section. The final 3D design with
slits is evaluated by the 3D coupled magnetic-thermal FEM
with magnetic nonlinearity and we confirm the validity of the
proposed design optimization method. The theory of each
method is detailed in the following sections in this chapter.

3.2 Level-set Method  For the optimization, we adopt
a level-set method which is an attractive design tool for real
machines. In this method, material boundaries are repre-
sented by the zero-isosurfaces of the level-set function. The
optimization is progressed with the advection on the basis
of the design sensitivity. The advantage of this method is the
feasibility of the optimal shape because the grayscale width is
restricted to the vicinity of the material boundary. The draw-
back is that its result is sometimes trapped by a local optimal
solution. The detailed formulation of the level-set method is
shown in the following subsections.

3.2.1 Representation of the Material Boundaries

The level-set function is defined as the signed distance
function ¢(x) described in (1). The function represents a ma-
terial boundary between a magnetic body and air as shown in
Fig. 3(a).

d(x,0Q) (xeQ)

o(x) = 0 (XEOQ) - +vvvvmreeminenens
—-d(x,0Q) (x¢ Q)
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Fig.3. Shape description by level-set method

where Q, 0Q, and d(x, Q) are the material region, the ma-
terial boundary between the magnetic body and air, and the
shortest distance from the material boundary respectively.

Next, we assign the level-set function ¢(x) to the Heaviside
function H(¢) formulated in (2) for continuously express-
ing the material density information from O to 1 as shown
in Fig. 3(b).

1 15 (¢ 50¢3 3 (o) =
H@) = z*%(z)‘gl(z) +15 ) “(’;fj;m
.................... )

where A is the transition width between the magnetic body
and air, which also means the gray scale range.

The magnetic reluctivity of each element in the design do-
main is formulated as follows:

V(e BY) = v + (Ve(BY) = VO)H(() -+ -+ vvevee 3)

where vy and v,.(B?) are the magnetic reluctivity in a vacuum
and in a magnetic body respectively.

3.2.2 Advection of the Material Boundaries

Material boundaries satisfy (4) at an arbitrary time.

B, 1) = 0 v 4)
Here, we differentiate (4) with respect to time ¢ as follows:
op(x,t
¢g§ ) FIVG Vg =0 (5)
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where v, is the normal component of the velocity vector.

Since the level-set function has the characteristic of the
signed distance, |V¢| = 1 is satisfied. Thus, (5) can be rewrit-
ten as (6). Although |[V¢| = 1 becomes unsatisfied after up-
dating the level-set function, this problem is avoidable by ap-
plying a regularization technique ®.

dpx,0)
o +v, =

The update of level-set function is formulated with forward
Euler time integration as follows:

D — p® 4 AtV(II;) ...........................

where k is the number of the iteration, @ is the level-set func-
tion vector, At is the time step size, and V is the velocity
vector. Vy is calculated by the following equation;

AgV® =bg® oo (8)
where Ay and by ® are given as follows:
Anlij = f NiNJAV e, )
Q
bg®) = - f val(f)dv ....................... (10)
Q

where N; is the nodal interpolation function and Q, is the
design domain. Here, we assign the node-based design sen-
sitivity dW/0¢ to v,,. The calculation of W/d¢ is described
in 3.2.3.

In respect to time step size At in (7), At is restricted by
Courant-Friedrichs-Lewy (CFL) condition for numerical sta-
bility shown in (11).

Axmin

At £ 7
Iva®].,

where Axyi, is the minimum edge of elements in the design
domain and ||V %]l is the maximum value of the velocity
vector.

3.2.3 Sensitivity Analysis using Adjoint Variable
Method (AVM) The design sensitivity 0W/d¢ assigned
to the velocity vector v, is calculated with adjoint variable
method (AVM). AVM enables us to derive the design sensi-
tivity in one calculation. The linear equation of an adjoint
problem without constraints is given as follows:

ow |6k
A 1A
a¢i 1 [a¢l n ”:|
oK T aw
K+ —| A e 12
(+6A,1 ”)A A |, (12)

where K is the stiffness matrix, A is the magnetic vector po-
tential, ¢; is the level-set function at the i-th node, and A is
the adjoint variable.

3.2.4 Considering Area Constraint In general, an
area constraint condition is formulated as follows:

G(@)=5($)-So <0 (S(¢) sz(@dS) ''''' 13)
Q
If (13) is not satisfied after updating the level-set function,
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Fig.4. Flowchart of the level-set method with the move-limit strategy

we correct level-set function by solving (14) with regard to
(5)
v,

G+ =0

This operation indicates equally lowering the level-set
function values while maintaining the configuration. In 3D
analysis, the same procedure is able to be employed as a vol-
ume constraint. The merit is easy convertibility to a problem
without constraints, thus we can use (12). However, on oc-
casion this operation can greatly deform the configuration.
To prevent this unfavorable deformation, we incorporate the
move limit strategy into the level-set method detailed in the
next subsection.

3.2.5 Proposal of Move-limit Strategy For a time
step size At in a level-set method, the upper value of the
CFL condition, i.e., At = Axmin/|lVa® |l is often adopted
in a magnetic analysis. However, in this case, an unfavorable
deformation can occur because the correction width by the
area constraint operation might be too big depending on the
problem. In structural optimization, move limit strategy is
extensively used and is also applied to a level-set method ,
but there are some additional parameter settings to consider.
Hence, we propose a novel parallelizable move-limit strat-
egy. Time step size calculated by our proposed move-limit
strategy At,,; is formulated as follows:

AXmin
IVa®ll,

where A, is the best move-limit coefficient which is se-
lected as described in the following explanations.

As for move-limit coefficients A, multiple values from O to
1 are set. In this paper, for instance, A is formulated as (16).

Aty =

Abest * T (15)
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where i ranges 0 to N. N + 1 is the number of parallelization
and is set to 33 in this paper.

The best move-limit coefficient A5 is chosen in accor-
dance with the flowchart of the level-set method with the
move-limit strategy as shown in Fig. 4. When area constraint
is active, the move-limit scheme is started. Using various
A given in (16), we parallely update level-set function with
reguralization and conduct area constraint operation. Then
the best move-limit coefficient A, is selected, which gives
the best objective function. This is iterated until the conver-
gence condition is satisfied. Here, M and & are adopted 10
and 107 in the convergence condition in Fig.4. The pro-
posed move-limit strategy is easily implementable and takes
the same time as the conventional level-set method because
of the parallelization.

3.3 Magnetic Field Analysis with Eddy Current  In
magnetic analysis, we adopt A-¢ method considering non-
linear magnetization properties of the carbon and the silicon
steel. The governing equations are as follows:

rOt(ertA) = JO + Je ......................... (17)
0A

Je _O—(E + grad¢) ....................... (18)

diVJe e R T (19)

where A is the magnetic vector potential, J is the source cur-
rent density, ¢ is the electric scalar potential, v is the magnetic
reluctivity, and o is the electrical conductivity.

It is necessary to use backward difference approximation
with respect to 0A/0t in (18) because A is a distorted wave
in a nonlinear field. The analysis is continued until the eddy
current reaches the steady state. Here, for the purpose of de-
riving the steady state quickly, we also calculate the nonlinear
complex equation using phasor notation by complex Newton-
Raphson method with the help of Wirtnger calculus ® and let

IEEJ Journal IA, Vol.7, No.1, 2018
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measuring point —:

L.

Fig.5. Cross-sectional structure of an induction heating
roll for measuring magnetic flux density (1/4 region)

Table 1. Comparison between computational and mea-
sured magnetic flux densities

Measured Computational Relative error

776

B[G] 799 2.96 %

the results be the initial value of A.

To confirm the validity of the magnetic analysis, we con-
duct a measurement of the magnetic flux density with the
experimental roll detached edge of the secondary core, as
depicted in Fig.5. Table 1 shows the comparison between
the computational results and the measured data and demon-
strates the validity of the magnetic analysis.

3.4 Coupling Thermal Analysis We perform one-
way coupling thermal analysis with magnetic analysis to ob-
tain the transient temperature distribution which indicates
heating performance. The governing equation of the thermal
analysis is given by (20).

div(1gradT) + Q = pci_f .....................
where T is the temperature, Q is the heat source, A is the ther-
mal conductivity, p is the material density, ¢ is the material
specific heat.

Here, the thermal analysis is linear, thus we do not consider
temperature dependent properties of the materials in the in-
duction heating roll. The thermal analysis is carried out with
the previously obtained eddy current in the magnetic analy-
sis. We set the averaged value of the eddy current loss den-
sity in a cycle in a steady state, as the heat source input as
calculated in (21) because thermal conduction phenomenon
are much slower than magnetic phenomenon.

1 t+T 2
Q = —f ﬁdl‘ ............................
t (o

T

where 7 is the cycle time of eddy current wave.
We set the boundary condition (22) on the surface between
air and the outermost part of the roll.

where « is the heat transfer coefficient, T is the temperature
on the boundary surface, and 7’y is the temperature of the air.

To determine the heat transfer coefficient @, we measure
transient temperature at the center of the heating part of the
roll in Fig. 1 at each 10 minute time interval when the roll is
heated for 90 minutes. As a result, we let o be 14 W/(m? - °C)
which provides the best fit to the measured data as shown
in Fig. 6. The comparison between the computational results
and the measured data in the case of @ = 14 W/(m? - °C) is
shown in Fig. 7. Figure 6 and Fig. 7 demonstrate the validity
of the thermal analysis.
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Fig.6. Averaged relative errors between computational

and measured surface temperature at the center of the
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Fig.7. Transient surface temperature at the center of the
heating part in the case of o = 14

4. Design Optimization of Primary Core in In-
duction Heating Roll

4.1 2D Optimization Model for Level-set Method

We define the 2D magnetostatic model for level-set method
as shown in Fig. 8. The design domain is located in the pri-
mary core tip which most impacts the magnetic flux distribu-
tion in the secondary core. The topology optimization aims to
derive the optimal structure of silicon steel in the design do-
main. The purpose of the design optimization is to improve
heating speed and temperature uniformity in an eddy current
field. In the magnetostatic optimization model, we define the
objective function as the magnetic energy stored in the edge
of the heating part (target area ;) as described in (23) for
the following reasons: The magnetic flux passing through €,
flows through the whole heating part and induces eddy cur-
rent. The increase in the value of the objective function is
expected to improve the heating speed and the temperature
uniformity simultaneously.

max. W=

Q

In addition, the area constraint condition (24) is built so
that the area of Q,,, does not become larger than that of the
current shape Q..

S.t. G:SQ{)[)[_SQCSO ......................
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Heating part
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Unit: [mm]

stainless steel (£=1.0 carbon steel (1~380)

(a) Overall view
1y is the relative magnetic permeability in linear analysis. In nonlinear analysis,
magnetic nonlinear properties of silicon steel and carbon steel are considered

target area : £,  Heating part

current shape : Q,

silicon steel
1.21x103[m?

design domain : Q,

(b) Enlarged view
Fig.8. 2D optimization model for level-set method

with
move-limit

NL-LS ]

loop= 1 W=0.001[]] area=7.83e-05[m2]

L-LS
without
move-limit

loop = 168 W =0.014[]] area=1.21e-03[m2]

only NL-LS (conventional)

L-LS & NL-LS (proposed)

with

NL-LS
move-limit

loop= 364 W =0.065[]] area=8.73e-04[m2] loop = 144 W =0.027[]] area=1.21e-03[m2]

Loop, W, and area in the figure are the iteration number, the objective function value,
and the area of the shape respectively.

Fig.9. Optimization results by only NL-LS and com-
bined L-LS & NL-LS, with an initial shape of a square

4.2 2D Level-set Method Results As described be-
fore, we propose an ingenious technique of combined non-
linear level-set method (NL-LS) with linear level-set method
(L-LS), i.e., we carry out an initial conceptual design by L-
LS to derive the initial shape of NL-LS. Furthermore, we also
propose move-limit strategy detailed in 3.2.5 to prevent the
configuration from unfavorable deformation by the operation
of area constraint. In this subsection, we confirm the validity
of our proposals by showing results of the conventional and
proposed methods.

Figure 9 and Fig. 10 show the comparison of results be-
tween only NL-LS (conventional) and combined L-LS and
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with
move-limit

NL-LS ]

loop = 217 W =0.006[]] area=1.21e-03[m2]

only NL-LS (conventional)

loop= 1 W=0.002[)] area=1.48e-04[m2]

L-LS
without
move-limit

L-LS & NL-LS (proposed)

with
move-limit

NL-LS ]

loop = 418 W =0.066[]] area=1.12e-03[m2] loop= 75 W=0.029[]] area=1.21e-03[m2]

Loop, W, and area in the figure are the iteration number, the objective function value,
and the area of the shape respectively.

Fig.10. Optimization results by only NL-LS and com-
bined L-LS & NL-LS, with an initial shape of a horizon-
tally long rectangle

NL-LS (proposed), with initial shapes of a square and a hor-
izontally long rectangle. Figure 11 shows the objective func-
tion values of results in Fig.9 and Fig. 10. The shapes in
Fig. 9 and Fig. 10 are qualitatively valid because the magnetic
materials are distributed near the target area €, and they have
thick shapes in NL-LS while satisfying the area constraint
condition. Since thin shapes are permissible and the area con-
straint is always inactive in L-LS, it does not enter the move-
limit scheme. Figure 9, Fig. 10, and Fig. 11 indicate that the
proposed method has the better results than the conventional
one regardless of the initial shape because the L-LS in the
proposed method is able to derive the proper initial shape of
NL-LS. Especially, when inputting a horizontally long rect-
angle, whereas the optimal shape by the conventional method
(in upper right of Fig. 10) does not reach the existing silicon
steel near the exciting coil on account of the area constraint,
the optimal shape by the proposed method (in lower right of
Fig. 10) is able to reach it because of the initial conceptual
design by L-LS.

To verify the move-limit strategy, we compare Fig.9 to
Fig. 12 which shows the results without move-limit, by only
NL-LS and combined L-LS and NL-LS, with an initial shape
of a square. In comparison with Fig. 9, the shapes in Fig. 12
are less feasible due to excess correction of the configura-
tion by area constraint operation. Similarly, the results from
an initial shape of a horizontally long rectangle display this
same tendency.

4.3 Decision of Final 3D Designs We obtain the two
2D optimal shapes by the combined L-LS and NL-LS with
move-limit, in the lower right of Fig. 9 and Fig. 10, which in-
dicate the optimal magnetic circuit. Next, we convert the two
shapes into straight line configurations to facilitate the man-
ufacture while maintaining the magnetic circuit, as shown in
Fig. 13. We confirm that this conversion causes no perfor-
mance deterioration by analyzing 3D designs, of the rotated
the cross-sections, with 3D coupled magnetic-thermal FEM.

IEEJ Journal IA, Vol.7, No.1, 2018
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Fig.11. Comparison of the objective function values
between only NL-LS and combined L-LS & NL-LS
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loop= 1 W=0.001[]] area=7.83e-05[m2]
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move-limit

loop = 364 W =0.065[]] area=8.73e-04[m2] loop = 200 W =0.027[]] area= 1.22¢-03[m2]

Loop, W, and area in the figure are the iteration number, the objective function value,
and the area of the shape respectively.

Fig.12. Optimization results without move-limit, by
only NL-LS and combined L-LS & NL-LS, with an ini-
tial shape of a square

Although we create two 3D designs from the converted cross-
sections in Figs. 13(a) and (b), we choose the 3D design from
Fig. 13(a) because this design has better heating performance
according to 3D FEM. This chosen 3D design is called final
design 1 and shown in Fig. 14(a). Here, the volume of the
final design 1 is 1.26 times as great as the volume of the cur-
rent design as shown in Table 2 because the material is farther
from the axis of rotation. Hence, we insert 20% slits, or air
gaps, in the tip of the primary core which are uniformly ar-
ranged into four locations in the circumference direction so
that the volume is the same as the current design. From the
viewpoints of both magnetic and thermal circuits, it is con-
sidered that the slits arrangement hardly affects the heating
performance in consideration with the fact that the width of
slit is small and heating part rotates in actual use. With the
above assumption, in this paper, we independently perform
the cross-section optimization and slits arrangement. This
design is called final design 2 and is shown in Fig. 14(b). The
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(a) From results by our proposed level-set method with move-limit and an
initial shape of a square in Fig. 9

(b) From results by our proposed level-set method with move-limit and an
initial shape of a horizontally long rectangle in Fig. 9

Fig.13. Conversion into straight line configurations to
improve the manufacturability

g

(a) Final design 1

(b) Final design 2 with slits

Fig. 14. Final designs of our proposed design optimiza-
tion (r6:1/4, z:1/2)

effectiveness of final design 2 is demonstrated with computa-
tional results of heating performance in the later section 4.4.

4.4 Heating Performance of the Final Designs Evalu-
ated by 3D Coupled Magnetic-Thermal FEM Finally,
we calculate the heating performance of the current design,
final design 1, and final design 2 by 3D coupled magnetic-
thermal analysis with magnetic nonlinearity. Since the per-
formance of the heating speed has the same tendency across
the surface of the heating part, we only show the surface
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Table 2. Volume values of current design and final de-

sign 1, 2
X X i Final design 2
Current design Final design 1 o
with slit
N 4.426x10™* 5.556x10" 4.444x10™
Volume [m’]
(1.00) (1.26) (1.00)

The value in parentheses is the proportion of the volume of each design to
that of the current design.

Table 3. Surface temperature of the heating part at
steady state

i i X Final design 2
Current design Final design 1 o
with slit
Edge [°C] 308.7 321.5 320.3
Center [°C] 507.7 513.2 512.2
Edge/Center 0.6080 0.6266 0.6253

temperature at the edge of the heating part 74 and at the
center Ten.r as pointed in Fig. 1, which are the maximum
and minimum points respectively. Temperature uniformity
on the surface of the heating part is assessed as the ratio be-
tween Togqe and Teeper as calculated in (25). The complete
uniformity means 1.0.

Surface temperature uniformity = Tegee /T center

The transient values of these aspects of heating perfor-
mance are shown in Fig. 15 and the values at the steady state
are shown in Table 3. Figures 15(a) (b) show that the final 3D
designs improve the heating speed on the surface of the heat-
ing part in spite of optimizing the primary core tip which is
limited region depicted as the design domain in Fig. 1. Since
we modify the shape of the primary core tip, the improve-
ment at the edge is greater than that at the center. Because
of the improvement at the edge, the temperature uniformity
is ameliorated as shown in Fig. 15(c). Furthermore, final de-
sign 2 with slit structure, which has the same volume as the
standard, hardly deteriorates the heating performance in com-
parison with final design 1. Therefore, the final design of this
paper successfully improves both heating speed and temper-
ature uniformity on the surface of the heating part under the
same input AC current and material volume, which demon-
strates the validity of our proposed design optimization.

5. Conclusions

In this paper, we propose a novel practical design opti-
mization of primary core in induction heating roll by level-set
method. The new ideas can be summarized as follows:

1) We effectively combine 2D magnetostatic level-set
method and 3D coupled magnetic-thermal FEM from the
viewpoint of the computational cost.

2) In level-set method, we propose an ingenious approach
with the initial conceptual design by linear level-set
method before nonlinear level-set method. Furthermore,
we also propose the move-limit strategy for preventing
unfavorable deformation during the operation for area
constraint.

3) The optimal shape by our proposed 2D level-set
method is converted into a straight line cross-sectional
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Fig.15. Comparison of heating performance between
the current design and the final design 1, 2

configuration to facilitate manufacture. When creating
the 3D shape by rotating the cross-section, we propose a
novel structure with slits, or air gaps, in the tip of the pri-
mary core in order to reduce the volume while retaining
the heating performance.

4) As a result of 3D coupled magnetic-thermal analysis
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with magnetic nonlinearity, the final 3D design success-
fully improves heating speed and temperature uniformity
on the surface of the heating part under the same condi-
tions of input AC current and material volume.
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