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Abstract.

BACKGROUND/OBJECTIVES: Induction heater for electric vehicle have skin effect due to the influence of high
frequency. And the influence of the skin effect, which is an AC loss, must be reduced.

METHODS/STATISTICAL ANALYSIS: Reducing the skin effect is to alleviate the magnetic saturation of the
workpiece surface. When magnetic saturation occurs, the magneto-resistance rapidly increases, so a design capable of
mitigating the magneto-resistance is required. FEM analysis was performed to analyze the skin effect. If the magneto-
resistance increases, the amount of magnetic flux leaked will increase, and the amount of leakage is checked by
deriving inductance.

FINDINGS: Magnetic saturation is related to magnetic reluctance. Magnetic reluctance is inverse proportion to the
cross-sectional area of the workpiece through which the magnet passes. And magnetic reluctance has an inverse
proportion relationship with inductance. When the cross-sectional area of the work piece was increased to reduce the
skin effect, the total inductance increased, but the amount of leaked inductance also increased. The increase in leakage
inductance acts as a loss, not heat generation of the work piece, and means an increase in the amount of leakage of
magnetic flux in the work piece of the induction heater. The amount of leakage inductance increased to reduce the skin
effect, and when the amount of leakage inductance was reduced, the skin effect increased. In this paper, about 11kW
class induction heater was analyzed and the increase in leakage inductance was analyzed for the total inductance
according to the surface of the workpiece. In addition, the trade-off between skin effect and leakage inductance was
analyzed.

IMPROVEMENTS/APPLICATIONS: The optimal design considering leakage inductance and skin effect reduces the
volume of induction heater and can be applied to shielding design of induction heater.
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1. INTRODUCTION

If the battery does not maintain proper temperature conditions, its efficiency will decrease. Induction heater can be used to
keep the battery of electric vehicle at an appropriate temperature. Induction heater can raise the desired temperature from low
temperatures in a very short time. However, induction heaters operate at high frequency and the skin effect occurs at high
frequencies. The skin effect is a phenomenon in which high-frequency current creates a magnetic field that interferes with the
current flow inside the wire, and the current does not flow to the center of the wire[1][2]. This skin effect causes the magnetic
skin effect and increases the magnetic reluctance of the workpiece surface. Magnetic reluctance increases due to the magnetic
skin effect. And magnetic reluctance interferes with the flow of magnetic flux. Reducing the magnetic reluctance may increase
the magnetic flux connected to the inside of the work piece and reduce the magnetic skin effect[3][4]. The induction heater
uses high-frequency current to link the generated magnetic flux to the work piece. At this time, it is used as heat by using the
iron loss generated in the work piece by the high frequency magnetic flux. Induction heater, when a current flow through a
terminal connected to an AC power source, a magnetic flux that changes in size and direction over time is generated around
the coil[5]. The generated magnetic flux causes iron loss in the conductor. Since the magnetic flux generated at this time
alternates at a high frequency, the leakage magnetic flux increases due to the skin effect on the workpiece. In addition, since
the distance to the work piece is not close when viewed from the side of the magnetic flux generated by the induction heater,
the amount of magnetic flux leaked increases. Therefore, the size of the leakage inductance increases. Design in the direction
of decreasing the leakage inductance through proper design is required[6].
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2. SIMULATION MODEL AND CONDITION
2.1. SIMULATION MODEL

2.1.1. DESIGN FLOWCHART

The simulated induction heater consists of a coil that receives an AC voltage and generates a magnetic flux. The magnetic flux
created by the AC voltage is connected to the workpiece, resulting in iron loss. Figure 1 is a flow diagram of the base model
design for an induction heater simulation. First, to meet the capacity of the induction heater selected as 11kW, the applied
voltage was determined to be 360Vdc. As for frequency, capacitance was determined under the condition of generating LC
resonance at 30kW, and resistance was selected according to the flow chart. Designed with 2D and 3D models. However,
considering that it takes a little longer for 3D analysis, it was analyzed in 2D. Next, | selected a resistor and performed a
simulation. If the simulation results were not suitable, feedback was performed, and the final model was derived.
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Figure 1. Induction Heater base model design flowchart

The specifications of the induction heater selected as the base model are shown in Table 1. The diameter of the workpiece
is proportional to the capacity of the induction heater, and the inner diameter is 15mm and the outer diameter is 26.4mm. To
distinguish the size of the inductance according to the surface width of the workpiece, the inner and outer surface widths of the
workpiece were selected equally. As mentioned above, the capacity and frequency were selected as 11kW and 30kHz. FEM
was conducted by voltage source analysis. And it was derived that 33A flows through the coil composed of 51 turns.

Table 1. Specification of induction heater selected as base model

Parameter Value Unit

Inner diameter of workpiece 15 mm
Outer diameter of workpiece 26.4 mm
Inner surface width of workpiece 1.36 mm
Outer surface width of workpiece 1.36 mm
Capacity 11 kw
Frequency 30 kHz
Voltage 360 Vdc

Current 33 A

Number of turns of the coil 51 -
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2.2. CONDITION
2.2.1. LC RESONANCE CIRCUIT
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Figure 2. LC resonance circuit used for cosimulation

Resonant frequency means that the natural frequency determined by the inductance and capacitance contained in the circuit
matches the frequency of the power supply. The resonance circuit is divided into series resonance and parallel resonance. The
induction heater model used in this study was composed of a control circuit using a series resonance circuit. When the resonant
frequency operation is performed in the series resonant circuit, the reactance component is lowered, and the operation of a
high-power factor becomes possible. In a series resonant circuit, the largest current can flow through the circuit if the condition
of the resonant frequency is met.[7-9]
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Equation (1) is used to derive the inductance of the entire induction heater. After applying a frequency of 30 kHz to derive
the induced electromotive force and current, the inductance of the entire induction heater can be derived. Equation (2) is used
to derive the resonant frequency. The LC resonance circuit for coupled analysis is completed by deriving the inductance of the
entire induction heater through Equation (1) and applying it to the capacitance shown in the circuit in Figure 2 so that LC
resonance occurs at 30kHz.[10]

2.2.2. BASE MODEL DESIGN
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Figure 3. 3D & 2D induction heater model designed for FEM analysis

Figure 3 is an induction heater base model that will coupled analysis the LC resonance circuit shown in Figure 2. Both 3D and
2D were designed, and 2D models were used for FEM analysis to shorten the time. In addition, since the flux linkage is
concentrated on the surface of the work piece due to the skin effect, the work piece is divided more densely as it gets closer to
the coil.
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3. FEM SIMULATION
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Figure 4. The divided workpiece and the mesh of the workpiece

Figure 4 shows the subdivision of the base model workpiece. It also shows the mesh divided into three areas. In the area
adjacent to the coil, the change in magnetic flux is large, so the mesh must be set densely. To find out the scale of the skin
effect, the current density vector of the workpiece was derived. Figure 5 is the result of the derived current density vector of
the workpiece. As expected, the current density vector of the workpiece was concentrated on the surface of the workpiece, and
it was found that the current density vector of the internal workpiece was larger than that of the external workpiece[11-14].
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Figure 5. Current density vector of workpiece

When the current density vector was confirmed compared to the magnetic flux diagram, the effect of the skin effect could
be clearly expressed. By dividing the surface width of the workpiece step by step, the total inductance of the induction heater
and the inductance of the workpiece were derived. The surface width of the workpiece was divided into 5 steps[15][16].

Table 2. Derivation of leakage inductance according to the surface width of the workpiece

Surface width of Inductance of the entire Induction of Leakage Leakage inductance per
the workpiece induction heater [uH] workpiece [uH] inductance [uH] total inductance [%0]
0.64 92.53 77.93 17.60 19.02
1.00 89.70 62.72 26.98 30.08
1.36 86.87 57.77 29.1 33.50
1.72 78.27 55.76 22.51 28.76
2.08 66.60 48.95 17.65 26.50
1
o T 3)

Table 2 is the result of FEM analysis by dividing the workpiece surface width into 5 steps. The analysis was conducted by
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dividing the surface width of the workpiece including the base model into 5 steps of 0.36mm each. As the surface width of the
workpiece becomes thicker, the magnetoresistance decreases, so the inductance must increase. As a result, the inductance
increases as the width of the workpiece surface increases up to the penetration depth region expressed in Equation (3).
However, as the surface width of the workpiece increases, the area in which magnetic flux other than the penetration depth
cannot be interlinked increases, so the inductance decreases for the entire area. When the inductance was checked over the
entire area of the workpiece, the inductance of the workpiece decreased as the surface width increased, and the leakage
inductance was the lowest as the surface width of the workpiece narrowed.

4. CONCLUSION

This paper analyzes the inductance of the work piece that affects the efficiency of the induction heater. The leakage inductance
was derived through FEM analysis, and the relationship of the leakage inductance according to the surface width of the
workpiece was analyzed. Through this study, it was confirmed that an appropriate design is required between the reduction of
the skin effect and the reduction of the leakage component. As a result, it is possible to apply a design that increases the
efficiency by reducing the skin effect and leakage components of the induction heater.
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