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Abstract: This paper proposed the transformer characteristic analysis method for the wireless power
transfer (WPT) device and linear motor (LM) integration system that can be applied to industrial
cleanroom transfer systems. A cable is required to supply the power in conventional systems. In
comparison, the proposed system utilizes a WPT device that can simplify power transfers and
make a better space utilization. The shape of the wireless power transmission system is proposed
along with the discussion of the 2D FEA analysis method about the inductance analyzing method,
which are important parameters in magnetic coupling. In addition, ferrite iron loss was calculated
based on the analysis results, and applied to the entire modeling circuit to verify the validity of
the measured and analyzed values. Finally, the proposed analysis method for the transformer
coupling characteristics of the wireless power transfer combined with the transfer system is verified
by experiments and simulations.

Keywords: wireless power transfer; transformer; inductance calculation; clean room

1. Introduction

A model of the wireless power transfer device that is integrated with a linear motor
system is proposed in this paper. Figure 1a shows the conventional system that generally
operates the industry robot on a bogie with a power cable and a rotating motor. Generally,
a cable is required for this system to supply a power source to the moving bogie [1,2].
The transfer system with a rotating motor consists of mechanical components, such as
a speed reducer, belt, chain, and ball screw, which are required to convert rotational
motions into linear motions. The vibration from these components causes dusts, and in
turn, maintenance is inevitable, especially in a semiconductor factory that requires a clean
environment to prevent product defectives [3,4]. Figure 1b shows the proposed system in
this paper. The proposed system is integrated with a wireless power transfer (WPT) device
and the linear motor (LM) [4]. The power is supplied to the moving part through the WPT,
which has no moving parts. The fixing part of the integration system with wireless power
transfer device and linear motor is designed according to the dimensions of the company
DMT’s linear motor [5]. The principle of a transformer with an air gap is employed for the
WPT device. The winding inductance is an important design component for the magnetic
energy conversion. The inductance characteristics of the proposed system are analyzed by
2D FEA (Finite Element Analysis). Litz wires are used because the WPT device is operated
at a high frequency of 10 kHz, since Litz wires are advantageous at high frequencies due to
lower skin effects and conduction losses [6].
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The proposed system is composed of ferrite cores for a high-frequency transformer 

with an air gap and laminated silicon cores to secure the function of a linear motor. 

Although ferrite cores have a weaker structural strength, they have a lower core loss 

than silicon cores. The resonant circuit between inductance and capacitor in the primary 

circuit is applied to supply the secondary voltage in the WPT [7]. The measured induct-

ance value is applied to circuit simulation to increase the accuracy of the analysis. Circuit 

simulation analysis was carried out in MATLAB by applying the CLLC circuit [8–11]. 

A prototype is fabricated to prove the performance of the proposed model. The in-

ductance of the iron core and winding is measured and compared with the analysis value 

by 2D FEA. It was applied to the modeling circuit, and we verified the performance for 

wireless power transmission. 

2. Configuration of System 

2.1. Integration System of a Wireless Power Transfer Device and Linear Motor 

The various concepts for wireless power transfer systems are used for transportation, 

EV, mobile phone, note-book, etc. and the moving parts of these systems are configured 

to get power from the fixed part of these systems [12]. 

Figure 2 shows the integrated system of the proposed WPT device with the LM. The 

proposed system has a better space utilization because the fixed part serves a dual pur-

pose, namely the primary of the WPT and the secondary of LM. The moving part that is 

installed under the robot base plate is composed of the secondary part of the WPT and the 

primary part of LM. The linear motor generates the thrust between the teeth of the sec-

ondary core and the teeth of the primary core in Figure 2, and the principles are the same 

of conventional flux switching and flux reversal linear motors [3]. 
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Figure 1. Transfer system. (a) Conventional system. (b) Proposed system.

The proposed system is composed of ferrite cores for a high-frequency transformer
with an air gap and laminated silicon cores to secure the function of a linear motor.

Although ferrite cores have a weaker structural strength, they have a lower core loss
than silicon cores. The resonant circuit between inductance and capacitor in the primary
circuit is applied to supply the secondary voltage in the WPT [7]. The measured inductance
value is applied to circuit simulation to increase the accuracy of the analysis. Circuit
simulation analysis was carried out in MATLAB by applying the CLLC circuit [8–11].

A prototype is fabricated to prove the performance of the proposed model. The
inductance of the iron core and winding is measured and compared with the analysis value
by 2D FEA. It was applied to the modeling circuit, and we verified the performance for
wireless power transmission.

2. Configuration of System
2.1. Integration System of a Wireless Power Transfer Device and Linear Motor

The various concepts for wireless power transfer systems are used for transportation,
EV, mobile phone, note-book, etc. and the moving parts of these systems are configured to
get power from the fixed part of these systems [12].

Figure 2 shows the integrated system of the proposed WPT device with the LM. The
proposed system has a better space utilization because the fixed part serves a dual purpose,
namely the primary of the WPT and the secondary of LM. The moving part that is installed
under the robot base plate is composed of the secondary part of the WPT and the primary
part of LM. The linear motor generates the thrust between the teeth of the secondary core
and the teeth of the primary core in Figure 2, and the principles are the same of conventional
flux switching and flux reversal linear motors [3].
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The LM operates by receiving power from the WPT. A concept diagram for this is
shown in Figure 3. Figure 3 shows the conceptual diagram of a power system for the
proposed system. Figure 3 shows the transformer principle with an air gap is applied to
transfer the power from the WPT primary (fixed part) to the WPT secondary (moving part).
The transferred AC power is converted to DC power, for the primary LM and robot [13].
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Figure 3. Concept diagram of the power system.

2.2. Wireless Power Transfer Device

Figure 4 shows the topology of the WPT device. Compared to a conventional trans-
former, the proposed WPT has a 1 mm air gap between the primary(fixed part core) and
secondary(moving part core) core is shown Figure 4. The power is transferred by magnetic
energy, not electrical energy. The E-core is utilized, and the shell-type winding construction
method is used. The resonant circuit topology, as shown in Figure 5, is employed to utilize
the large leakage inductance in the primary winding due to the long length to create the
resonant tank with the resonant capacitor. The topology also employs the semiconductor
elements (Q1–Q4) with a 10 kHz switching frequency.
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3. Specification of the Wireless Power Transfer
3.1. Specification of the Transfer and Receiver

The fixed part of the WPT device is designed by modifying a commercial LM, as
shown in Figure 6a [1,2]. The length and width of the fixed part are 1080 mm and 50 mm,
respectively. The length and width of the moving part are 108 mm and 50 mm, respectively.
The detailed dimensions of the WPT are shown in Table 1. Figure 6b shows the cross section
of the WPT device. The WPT device can be divided into four parts, i.e., the coupled tooth,
coupled slot, uncoupled tooth, and uncoupled slot part. The dimensions and configurations
of each part are different, with a ferrite core, laminated silicon core, and Litz wire. A ferrite
core is inserted at the bottom of the tooth and slot of the WPT, which is to further secure
the flow of the magnetic flux [8]. The proposed system needs laminated cores to secure
the functionality of the linear motor. Therefore, considering the function from the point of
view of a wireless power transmission device, a ferrite core is inserted in the slot part of
the tooth section of the linear motor’s fixed part.
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The dimensions and specifications of the wireless power transfer device are listed in
Table 1.

Vp = 4.44 f × N × φ = 4.44 f × N × B × S (1)

In the above Equation (1), when the transformer primary voltage e is 100 Vrms, the
magnetic flux is = 0.00010725 Wb, and the magnetic path area S is 0.00216 m2, so the
magnetic flux density is B = 0.0496 T.

3.2. Specification of the Winding Coil

When the frequency is increased, the current flow region is decreased in the wire due
to the skin effect, which causes a higher resistance and reduces the efficiency. As mentioned
earlier, the WPT device is operated at a high frequency. Thus, Litz wires are employed to
reduce the skin effect and losses instead of using general solid and strand wire. Figure 7
shows the configuration of the coil and coil area. The selected Litz wire has 140 strands for
one turn.
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Table 1. Dimensions and specification of a wireless power transfer device.

Description Value

Primary part

length (mm) 1080
Width (mm) 50
Height (mm) 23

Length of tooth part (mm) 6.5
Length of slot part (mm) 11.5

Secondary part
length (mm) 108
Width (mm) 50
Height (mm) 30

Air gap (mm) 1
Coil area of primary part (mm2) 70

Coil area of secondary part (mm2) 80
Ferrite core Mn-Zn ferrite

Laminated silicon core 27PNF1500
Number of winding turns for each part 21

Input voltage (Vrms) 100
Frequency (kHz) 10
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4. Design and FEA Analysis

Because the number of coupled, uncoupled teeth and coupled, uncoupled slots ac-
cording to the position of the secondary moving part is the same, the simple 2D FEA is
employed to analyze the electromagnetic characteristics. Figure 8 shows the WPT device
parameter does not change according to the position of the secondary moving part, be-
cause the secondary moving part with 108 mm length at any position always keeps the six
coupled teeth and the six coupled slots.

Energies 2021, 14, x FOR PEER REVIEW 5 of 12 
 

 

Ferrite core Mn-Zn ferrite 

Laminated silicon core 27PNF1500 

Number of winding turns for each part 21 

Input voltage (Vrms) 100 

Frequency (kHz) 10 

The dimensions and specifications of the wireless power transfer device are listed in 

Table 1. 

𝑉𝑝 = 4.44𝑓 𝑁  = 4.44𝑓 𝑁 𝐵 𝑆 (1) 

In the above Equation (1), when the transformer primary voltage e is 100 Vrms, the 

magnetic flux is = 0.00010725 Wb, and the magnetic path area S is 0.00216 m2, so the mag-

netic flux density is B = 0.0496 T. 

3.2. Specification of the Winding Coil 

When the frequency is increased, the current flow region is decreased in the wire due to 

the skin effect, which causes a higher resistance and reduces the efficiency. As mentioned ear-

lier, the WPT device is operated at a high frequency. Thus, Litz wires are employed to reduce 

the skin effect and losses instead of using general solid and strand wire. Figure 7 shows the 

configuration of the coil and coil area. The selected Litz wire has 140 strands for one turn. 

 

Figure 7. Configuration of the coil and coil area. 

4. Design and FEA Analysis 

Because the number of coupled, uncoupled teeth and coupled, uncoupled slots ac-

cording to the position of the secondary moving part is the same, the simple 2D FEA is 

employed to analyze the electromagnetic characteristics. Figure 8 shows the WPT device 

parameter does not change according to the position of the secondary moving part, because 

the secondary moving part with 108 mm length at any position always keeps the six cou-

pled teeth and the six coupled slots. 

 

Figure 8. Division of inductance calculation sections. 
Figure 8. Division of inductance calculation sections.

4.1. Inductance of Primary and Secondary

The total inductance of primary part L1 is defined as follows:

L1 = 6 ×
(

Lpct + Lpcs
)
+ 54 ×

(
Lpunct + Lpuncs

)
(2)
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Lpct: inductance of a coupled tooth.
Lpcs: inductance of a coupled slot.
Lpunct: inductance of an uncoupled tooth.
Lpuncs: inductance of an uncoupled slot.
Lpctm: magnetization inductance of a coupled tooth.
Lpcsm: magnetization inductance of a coupled slot.
Lpctlk: leakage inductance of a coupled tooth.
Lpcslk: leakage inductance of a coupled slot.
Lpunctlk: leakage inductance of an uncoupled tooth.
Lpuncslk: leakage inductance of an uncoupled slot core.
Lpct, Lpcs, Lpunct, and Lpuncs are the total inductance for each divided part, as shown

in Figure 6b. The length of the tooth and slot are 6.5 mm and 11.5 mm, respectively, for
the moving direction. The total length of the primary and secondary core is 1080 mm
and 108 mm, respectively. Therefore, the coupled tooth and slot can be divided into 6
pieces each. The same method as for the coupled part, the uncoupled tooth and the slot
parts are can be divided into 54 pieces each. Since L1ct and L1cs are coupled parts between
primary and secondary parts, these are divided into magnetization and leakage inductance
as follows:

Lpct = Lpctm + Lpctlk (3)

Lpcs = Lpcsm + Lpcslk (4)

Lpunct = Lpunctlk (5)

Lpuncs = Lpuncslk (6)

From the above Equations (2)–(6), the total inductance of the primary part can be
redefined as follows:

Lp = Lpm + Lplk (7)

Lpm = Lpctm + Lpcsm (8)

Lpl = Lpctlk + Lpcslk + Lpunctlk + Lpuncslk (9)

Similar to the definition of the inductance of the primary part in Equations (2)–(9), the
inductance of the secondary part can also be defined as follows:

Ls = 6 × (Lsct + Lscs) (10)

Lsct: inductance of a coupled tooth core.
Lscs: inductance of a coupled slot core.
Lsctm: magnetization inductance of a coupled tooth core.
Lscsm: magnetization inductance of a coupled slot core.
Lsctlk: leakage inductance of a coupled slot core.
Lscslk: leakage inductance of a coupled slot core.

Lsct = Lsctm + Lsctlk (11)

Lscs = Lscsm + Lscslk (12)

From the above Equations (10)–(12), the total inductance of the secondary part can be
redefined as follows:

Ls = Lsm + Lslk (13)

Lsm = Lsctm + Lscsm (14)

Table 2 shows the calculated inductance by 2D FEA simulation. The total leakage
inductance of primary part Lplk is much higher than the total mutual inductance of primary
part Lpm since the uncoupled part occupies the most of them in the WPT device.
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Table 2. The inductance for each part by 2D FEA simulation.

Coupled Tooth
(6 EA)

Coupled Slot
(6 EA)

Uncoupled Tooth
(54 EA)

Uncoupled Slot
(54 EA)

Total
(mH)

Lp (mH) 0.298 0.241 0.892 1.28 2.713
Lpm (mH) 0.237 0.152 0.389
Lplk (mH) 0.061 0.089 0.892 1.28 2.323
Ls (mH) 0.304 0.282 0.587

Lsm (mH) 0.237 0.152 0.389
Lslk (mH) 0.067 0.13 0.198

Figure 9 shows the shape of the magnetic flux distribution for the coupled tooth,
coupled slot, uncoupled tooth, and uncoupled slot part in Figure 6. For the coupled tooth
and slot, the magnetic flux flows almost through the core.
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4.2. Calculation of Coreloss

The calculated laminated and ferrite core losses are shown in Tables 3 and 4, respec-
tively. Table 3 below is the iron loss value in case of magnetizing current 3.91 A at no load,
and Table 4 is the iron loss caused by magnetizing current 3.91 A and load current 4.73 A
in the uncoupled model under load. Unlike general transformers that only generate iron
loss due to magnetizing current even under load, the transformer of the proposed WPT
device suffers from iron losses due to the sum of the magnetizing current and load current
in the uncoupled parts under load. The reason why there is a difference in loss with and
without load is that the primary fixing part in the proposed device has a longer structure
than the secondary moving part.

4.3. Calculation of the Resonance Capacitor

We proposed in this paper a model of an integration system with a wireless power
transfer device and linear motor, which adopted a transformer with a big air gap and long
primary wires. The wireless power transmission device has a large leakage inductance
for the primary winding due to the long length of the primary part, a small magnetizing
inductance, and a low coupling coefficient. It makes the transmission efficiency very low.
The system efficiency is improved by adopting resonant capacitance to compensate leakage
inductance in transferring energy to the load. For this method, it is necessary equalize
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the resonance frequency of the primary side and the secondary side by using a resonance
capacitor [7].

C =
1

(2π f )2Llk
(15)

Table 3. Core losses without load.

Coupled Tooth
(6 EA)

Coupled Slot
(6 EA)

Uncoupled
Tooth (54 EA)

Uncoupled Slot
(54 EA) Total Losses (W)

Laminated
silicon core loss (W) 10.515 1.534 29.759 6.507 48.316

Ferrite
Core loss (W) 0.252 0.009 0.118 0.388 0.77

Total losses (W) 10.767 1.544 29.878 6.895 49.086

Table 4. Core losses with load.

Coupled Tooth
(6 EA)

Coupled Slot
(6 EA)

Uncoupled
Tooth (54 EA)

Uncoupled Slot
(54 EA)

Total Losses
(W)

Laminated
silicon core loss (W) 10.515 1.534 139.449 25.99 177.488

Ferrite
Core loss (W) 0.252 0.009 0.599 1.868 2.728

Total losses (W) 10.767 1.543 140.048 27.858 180.216

5. Experiment
5.1. Inductance Measurement

In Figure 10, the primary and secondary of the WPT device have a 1 mm air gap for
the inductance experiment.
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Table 5 shows the simulated inductance and experimental inductance of the wireless
power transmission device.

The transformer of the WPT device proposed in this paper has the characters of
leakage inductance along the long primary side wire with an air gap and uncoupled part.
In addition, it has a low coupling coefficient, and the inductance characteristics for this can
be seen in Table 5 above.

In Table 5, the simulation and test values do not have a large error, so it can be seen
that the design and analysis are verified. However, there is an error of 20% between the
L1 leakage simulation and the experimental value, which is due to the existence of a gap
between the ferrite core and the laminated core combination in the device manufacturing.
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Table 5. Measured inductance.

Simulation (Unit: mH) Experiment (Experiment/Simulation %)

Lp (mH) 2.713 2.274 (83.8%)
Lpm (mH) 0.389 0.393 (101%)
Lplk (mH) 2.323 1.881 (80.9%)
Ls (mH) 0.587 0.601 (102.3%)

Lsm (mH) 0.389 0.393 (101%)
Lslk (mH) 0.198 0.208 (105%)

In Table 6, each resonant capacitor is calculated as 0.109 µF and 1.217 µF by Equation (15).
Additionally, in the measured data in Table 6 is shown the resistance measurement values
are 0.95 Ω and 0.11 Ω.

Table 6. Designed and measured value of wireless power transfer device.

Description Designed Measured

Vp Primary voltage (V) 100
Ip Primary current (A) 5.745
Pp Primary power (W) 436.64
Rp Primary resistance (Ω) 1 0.955

Lplk Primary leakage inductance (mH) 2.323 1.881
Cp Primary resonance capacitor (µF) 0.109
Lm Magnetizing inductance (mH) 0.389 0.393
Im Magnetizing current (A) 3.925
IS Secondary load current (A) 3.693

Rload Secondary load resistance (Ω) 20
Rs Secondary resistance (Ω) 0.12 0.111

Lslk Secondary leakage inductance (mH) 0.198 0.208
Cs Secondary resonance capacitor (µF) 1.217
Ps Secondary power (W) 272.72

Efficiency:
secondary power/primary power (%) 62.45

5.2. Resonant Circuit

The constant of the above equivalent circuit is the value by reflecting the measured
inductance, resistance, and 2D finite element simulation iron loss data. As shown in
Figure 11, this paper adopts a series-series system in which the resonance capacitor and
the coil are connected in series because a regeneration can be easily performed from the
symmetry of the circuit in this system [7].

Energies 2021, 14, x FOR PEER REVIEW 10 of 12 
 

 

this paper adopts a series-series system in which the resonance capacitor and the coil are con-

nected in series because a regeneration can be easily performed from the symmetry of the cir-

cuit in this system [7]. 

 

Figure 11. Simulation CLLC circuit. 

The result is total current 𝐼𝑝 5.745 A, load current 𝐼𝑠 3.561 A, magnetizing current 𝐼𝑚 

4.182 A, iron loss current 𝐼𝐶  0.549 A output 𝑃𝑠 272.72 W, input 𝑃𝑝 436.64 W, iron loss Pc and 

ferrite loss PFe 180.111 W, iron loss 𝑅𝑛𝑜𝑙𝑜𝑎𝑑𝑙𝑠 186.15 Ω, and iron loss 𝑅𝑙𝑜𝑎𝑑𝑙𝑠 5.856 Ω. The pri-

mary resonant capacitor 𝐶𝑝 values are 0.109 μF 

Rnoloadls considers the iron loss caused by the magnetizing current in case of no load. In 

the case of load, the Rloadls additionally considers the iron loss caused by the load current. In 

this case, considering the additional iron loss of 131 W generated during the load, the second-

ary additional iron loss resistance constitutes 5.856 Ω. 

In the above simulation, the primary and secondary leakage inductances resonate with 

the series capacitors 𝐶𝑝 and 𝐶𝑠. Then, the total primary current 𝐼𝑝 is calculated by calculating 

the primary excitation current 𝐼𝑚  in Equation (16-17) and the primary load current 𝐼𝑝𝑙𝑜𝑎𝑑 

load, which has a phase difference of 90 degrees: 

𝐼𝑚 =
𝑉𝑝

𝑗𝜔𝐿𝑚
 (16) 

𝐼𝑝 = √(𝐼𝑝𝜑)
2

+ 𝐼𝑝𝑙𝑜𝑎𝑑
2 (17) 

In the above equation, since the magnetizing current 𝐼𝑚 is 3.925 A and the primary load 

current 𝐼𝑠 is 3.693 A, the primary current 𝐼𝑝 is 5.745 A. Therefore, according to Equation (18), 

the loss 𝑃𝑅 of the coil is 30.20 W as the sum of 28.68 W for the primary coil loss 𝑃𝑝𝑅 and 1.514 

W for the secondary coil loss 𝑃𝑠𝑅: 

𝑃𝑅 = 𝑃𝑝𝑅 + 𝑃𝑠𝑅 (18) 

𝜂 =
𝑃𝑠

𝑃𝑝
 (19) 

The efficiency of the wireless power transformer is obtained from the result obtained 

through the MATLAB simulation, as shown in Equation (19). The result is 62.45% efficiency by 

𝑃𝑝 436 W and 𝑃𝑠 272 W. 

6. Conclusions 

The analysis of the proposed WPT device in the integration system with LM is proposed, 

and the integration system with a wireless power transfer device and linear motor would be 

applied to the robot in a clean room to reduce noise and to simplify the system. 

The basic design of the transformer of the 500 W class WPT unit is studied along with the 

magnetic inductance by the equivalent magnetic circuit method, the magnetic and leakage in-

ductance of the primary and secondary windings by the two-dimensional finite element 

Figure 11. Simulation CLLC circuit.

The result is total current Ip 5.745 A, load current Is 3.561 A, magnetizing current Im
4.182 A, iron loss current IC 0.549 A output Ps 272.72 W, input Pp 436.64 W, iron loss Pc
and ferrite loss PFe 180.111 W, iron loss Rnoloadls 186.15 Ω, and iron loss Rloadls 5.856 Ω. The
primary resonant capacitor Cp values are 0.109 µF.
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Rnoloadls considers the iron loss caused by the magnetizing current in case of no load.
In the case of load, the Rloadls additionally considers the iron loss caused by the load current.
In this case, considering the additional iron loss of 131 W generated during the load, the
secondary additional iron loss resistance constitutes 5.856 Ω.

In the above simulation, the primary and secondary leakage inductances resonate
with the series capacitors Cp and Cs. Then, the total primary current Ip is calculated by
calculating the primary excitation current Im in Equations (16) and (17) and the primary
load current Ipload load, which has a phase difference of 90 degrees:

Im =
Vp

jωLm
(16)

Ip =
√(

Ipϕ

)2
+ Ipload

2 (17)

In the above equation, since the magnetizing current Im is 3.925 A and the primary load
current Is is 3.693 A, the primary current Ip is 5.745 A. Therefore, according to Equation (18),
the loss PR of the coil is 30.20 W as the sum of 28.68 W for the primary coil loss PpR and
1.514 W for the secondary coil loss PsR:

PR = PpR + PsR (18)

η =
Ps

Pp
(19)

The efficiency of the wireless power transformer is obtained from the result obtained
through the MATLAB simulation, as shown in Equation (19). The result is 62.45% efficiency
by Pp 436 W and Ps 272 W.

6. Conclusions

The analysis of the proposed WPT device in the integration system with LM is pro-
posed, and the integration system with a wireless power transfer device and linear motor
would be applied to the robot in a clean room to reduce noise and to simplify the system.

The basic design of the transformer of the 500 W class WPT unit is studied along
with the magnetic inductance by the equivalent magnetic circuit method, the magnetic
and leakage inductance of the primary and secondary windings by the two-dimensional
finite element method, the resonance capacitor, the resistance of the winding, and the
efficiency. In particular, in the case of primary and secondary winding magnetic and
leakage inductance, each region was divided into six parts and analyzed through a two-
dimensional finite element method to obtain accurate values.

The inductance values obtained through the analysis were compared with the results
of actual experimental measurements. The difference between simulation and experiment
results is approximately 19.1%–1%, which is within the acceptable range, which may be
caused by manufacturing processes such as the existence of a gap between the ferrite core
and the laminated core.

In the future, the power transfer will be verified by composing and testing the trans-
former and convert device of the WPT part, and the integration system with wireless power
transfer (WPT) device and linear motor (LM) will be completed by combining the linear
motor part [14].
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