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A novel crossed traveling wave induction heating (C-TWIH) system for heating thin industrial strips is proposed and its finite ele-
ment method (FEM) simulations are reported. Compared with a typical traveling wave induction heating (TWIH) device, C-TWIH has
more uniform and concentrated eddy current density distributions. This is because the C-TWIH system exploits a three-phase induction
heater with crossed yoke arrangement, and the magnetic fluxes generated by each phase are interacting and complementing each other
to compensate for the weak magnetic areas of each phase. Temperature distribution and variation of the C-TWIH system is also char-
acterized. The fabricated novel model has a temperature range from 251°C to 270°C and its undesired temperature non-uniformity is

reduced by 43% compared with those in typical TWIH devices.

Index Terms—Eddy current, finite element method, temperature distribution, transverse flux, traveling wave.

1. INTRODUCTION

HE INCREASING demand for industrial furnace heaters

has attracted a lot of attentions from researchers and
practitioners. Traditional longitudinal method and single- phase
transverse flux technology are inadequate to meet the ever
increasing demand on quality performance in regard to tem-
perature uniformity on the work strips, especially on thin and
long strips. Among the multiphase systems being developed
recently, the traveling wave induction heating (TWIH) process
is potentially very promising and attractive.

Unlike the longitudinal or the single-phase transverse flux
heaters, TWIH is energized with three-phase windings. Para-
metric analysis is used to assess the key parameters (transmis-
sion efficiency of electricity to the work-piece, power factor,
etc.). TWIH is intrinsically more suitable than its single phase
counterpart in the provision of uniform thermal density on the
work strips [1]. Indeed, three-phase induction heaters not only
have the same advantages as their single-phase counterparts,
they can produce more uniform temperature distributions and
operate with less industrial noise and vibration. For operations
in which the electromagnetic force may increase significantly
and the heating parameters could change as the temperature
rises, the advantage of TWIH is even more significant.

Despite of the wealth of industrial potential applications of
TWIH, there are few reports in the literatures on this important
technology when compared to those on longitudinal induction
heating and transverse flux induction heating (TFIH) systems,
even though there are some dedicated analytical studies and nu-
merical methods on TWIH systems [2]—[5]. In fact, prior studies
only introduce some unrealistically over-simplified and imprac-
tical assumptions using, for example, a current sheet on the yoke
without slots as the model.

A novel design for a crossed traveling wave induction heating
(C-TWIH) system is proposed to address the inhomogeneous
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Fig. 1. (a) Schematic of a typical double-sided TWIH system; (b) Schematic
of the double-sided C-TWIH system (1-magnetic yoke; 2-exciting windings;
3-load metal sheet; ¢-strip thickness; g-airgap between inductor and load; v-strip
movement velocity. Phase degree: A — X and A’ — X' = 0°,B — Y and
B'—Y'=-120°,C — Z and C' — Z’ = —240°).

eddy current density which dominates the temperature distribu-
tion on the surface of work strips. Finite element method (FEM)
is used to calculate the eddy current and temperature distribu-
tions. Simulation results of the novel C-TWIH system are pre-
sented and compared with those of typical TWIH and TFIH sys-
tems to showcase its better performance.

II. PROPOSED STRUCTURE OF C-TWIH

The schematic of a typical heater configuration is shown in
Fig. 1(a). There are two linear inductors on the opposite sides
of the strip and twelve slots along the direction of the movement.
There is a relatively large airgap between the inductor and the
strip due to the thickness of the interposing refractory materials.

The proposed C-TWIH system is shown in Fig. 1(b). With
this structure the lower inductor is shifted 60 degrees along the
movement direction of the strip and the winding starts from
phase Y’. On each inductor there are three phases and six wind-
ings. Alternating current through every two in-phase sets of
windings sets up the magnetic field, which is perpendicular to
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TABLE 1
DESIGN DATA OF TYPICAL TWIH AND C-TWIH HEATERS OF FIG. 1

Number of phases 3
Number of windings 6
Number of slots 12
Airgap distance (g) 1.0 mm
Magnetic yoke length 1300mm
Magnetic yoke height 200mm
Aluminum strip width 130 mm
Aluminum strip thickness () 2.0 mm
Strip movement velocity (v) 1.0 m/min
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Fig. 2. Three-phase exciting current waveforms for typical TWIH and
C-TWIH systems.

the surface of the sheet, and eddy currents are induced by the
alternating magnetic flux on the work strip.

In the following FEM simulation, the amplitude of the ex-
citing current is 1200 A at 600 Hz. The phase current waveforms
are as shown in Fig. 2.

It can be seen from Figs. 1 and 2 that at any instant, there are
always four inductor phase windings acting as the field wind-
ings to generate the flux in the C-TWIH device; while in typical
TWIH device, there are two phase windings only.

III. SIMULATION OF SYSTEM PERFORMANCE

In this section, the operation of the two three-phase induction
heating devices, namely the typical TWIH and C-TWIH, with
the phase currents of Fig. 2 are investigated using FEM analysis.
Particular attention is paid to the analysis of the magnetic flux
density, eddy current distribution, power density and the tem-
perature field.

A. Magnetic Flux Density Analysis

Because AC current through every winding generates a mag-
netic field, which induces eddy currents to produce the thermal
field, the total magnetic field is the additive contribution of six
upper-and-lower windings.

]{Hdl:

where N, is the number of turns per phase per winding, and

Zi = N.i )

i = V2T sin(wt + 0) )
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Fig. 3. Airgap flux density distribution in the work strip from the upper and
lower inductors.
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Fig. 4. Magnetic flux density distribution in the work strip. (a) In typical TWIH
system, (b) In C-TWIH system.

where [ is the r.m.s. current and 6 is the phase angle.

The result of the airgap flux density calculation of the
C-TWIH system is shown at different positions in Fig. 3. The
average trend of the airgap flux density B has a symmetrical
waveform having similarly triangle-topped amplitude. Flux
densities in the upper and lower inductors make up for the weak
areas of each other. This leads to a more uniform eddy current
density in the work strips, as discussed in Part B.

The magnetic flux densities in the work strip of the C-TWIH
system are depicted in Fig. 4(b). In order to study the efficiency
of the C-TWIH system, the flux density distribution along the
work strips of a typical TWIH system is also calculated, which
is shown in Fig. 4(a).

It can be seen that typical TWIH system’s magnetic flux
is distributed symmetrically along both sides of the axis and
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Phase degree: 90 °

(b)

Phase degree: 270°

Fig. 5. Magnetic flux distributions in the strip and induced power density distributions along the direction of the strip movement (yoke size—1300 X 30 mm; slot
size—150 x 50 mm; airgap—1 mm; strip thickness-2 mm; currents supply I — 1200 A; f — 600 Hz), (a) Typical TWIH, (b) C-TWIH.

reaches the maximum above the magnetic yokes, while the
magnetic flux intensity is relatively weak above the windings.
Near the center of axis the intensity decreases to the minimum.
The curve of the C-TWIH system’s magnetic flux density is
relatively more homogeneous than that of typical TWIH heater,
which shows low density only in several limited regions. Thus
the eddy current field and the temperature field distributions on
the work strip should be more uniform in the proposed C-TWIH
system than that in typical TWIH systems as confirmed in Part
B below.

B. Eddy Current Model Analysis

For the induced eddy current field, the basic equations are
established using A — ¢ formulation. The magnetic vector po-
tential A is defined as B = V X A and the current density is

—

0A -
= T,
5 +Vop |+ 3)

J=—0

where o is the electric conductivity; J, is the impressed exciting
current density; F is the electric field intensity; and

Vo=—E (4)

The induced current density in the strip is generated by vari-
ations in the magnetic flux. The vortex effects in the strip are at-
tributed to the magnetic fields produced by different structures
of typical TWIHs or other types of heaters like TFIH.

By using FEM, the magnetic flux distributions and induced
eddy current density in the strip of typical TWIH and C-TWIH
systems are shown, respectively, in Fig. 5(a) and (b) for elec-
trical phase angles of 90° and 270°.

It is shown in Fig. 5 that the novel C-TWIH system has a rel-
atively more uniform power density distribution. This is accom-
plished mainly because of the application of crossed three-phase

AC excitations to create uniform magnetic fields that govern the
eddy current density distribution. On the other hand, the combi-
nation of six induction heaters serves to widen the directions of
the induced magnetic field which is distributed along the mag-
netic yokes. These inductors interact with each other and com-
pensate for the weak magnetic areas existing between the gap
districts.

Fig. 6 shows the eddy current density distributions in typ-
ical TWIH and C-TWIH systems. As C-TWIH uses crossed
three-phase induction heaters, the upper and lower induction
heaters are installed properly to compensate for the low-fields
so as to realize uniform heating results. It can be seen that the
eddy current distributions are more uniform in C-TWIH when
compared to those in typical TWIH.

Another characteristic of TWIH systems that needs to be con-
sidered is the presence of many high eddy current peaks along
the movement directions on the edges of the sheet, which can
give rise to, in some cases, dangerous strip deformations. In the
proposed C-TWIH system this problem is reduced since sharp
peaks of eddy currents are much fewer than those in typical
TWIH systems.

The best cases among both typical TWIH and C-TWIH
systems, and the transverse flux induction heating (TFIH)
system [6], which has the similar geometry, are compared in
Fig. 7, where the irregularities due to the use of a relatively
small number of mesh elements have been smoothed. It can be
seen that from 3 mm to 130 mm, the C-TWIH system induces
higher power than any other systems being studied.

C. Thermal Model Analysis

The thermal properties of the materials are functions of tem-
perature. Around the surface of the heating regions, there are
dramatic changes in the high temperature zones. In order to im-
prove the accuracy of the simulation, two-dimensional (2-D)
nonlinear transient heat conduction equations are introduced to
describe the thermal fields.
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Fig. 6. Eddy current density distribution in the strip of typical TWIH and
C-TWIH systems, (a) Typical TWIH, (b) C-TWIH.
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Fig. 7. Relative power density distribution of C-TWIH, TWIH, and TFIH.

Applying eddy current density to be the heat sources during
the heating process, the thermal source is
T2
Py = i ®)

g

where J is the eddy current density and o is the electric conduc-
tivity.
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Fig. 8. Temperature distribution along the surface of the strip.

The temperature field is computed based on Fourier’s thermal
conduction equation

@ =V (AVY) + Py + - (cpd) ©®)
where c is the specific heat; p is the mass density; A is the
thermal conductivity coefficient; Py is the thermal source; and
¥ is the strip velocity.

Fig. 8 shows that the C-TWIH reaches a higher temperature
faster and with fewer variations when compared to typical
TWIH. After three seconds, the temperature of typical TWIH
is observed to fluctuate between 212°C and 256°C, while
C-TWIH has a temperature range from 251°C to 270°C and
its unexpected temperature difference is reduced by about 43%
compared to that in typical TWIH device.

IV. CONCLUSION

In this paper, a new crossed traveling wave induction heating
(C-TWIH) system is proposed for work strip heating. The simu-
lation results demonstrate that good controllability and efficient
thermal transfer can be realized if the choice of the systems
and their parameters (inductor geometry, poly-phase winding
arrangement and supply, airgap size and control of the relative
positions of the inductors) are optimized.

In addition, the proposed C-TWIH system can overcome
problems of metal deformation and reduces the noise from the
system, where the uniformity of power and eddy currents in the
work strips plays an important role.
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