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Abstract: Wireless power transfer (WPT) technology has been widely used in many fields.
Nevertheless, in the field of high power transmission, such as the WPT system of electric vehicles,
the power transmission efficiency of WPT system lags behind that of wired charging due to losses
brought by substrate shielding materials. In this regard, the conduction resistance of Litz-wire coils
without substrate is analyzed first in this paper. Secondly, the induction resistance of the coil with
single-layer and double-layer substrate materials is modeled. Then, through the establishment of
a coil simulation and experimental platform with a single-layer substrate, a contrastive analysis of
the variation trend of coil equivalent series resistance (coil ESR) at changing thickness and area and
constant volume of the substrate is carried out in combination with the theory. The variation law
of coil ESR at changing thickness and area and constant volume of double-layer substrate is also
explored at the end of this paper. This is expected to contribute to the reduction of coil losses in
the WPT system through a systematic study of the influence of substrate size changes on the coil
resistance of the WPT system.
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1. Introduction

The wireless power transfer (WPT) technology uses energy carriers (e.g., magnetic field,
electric field, electromagnetic wave, etc.) in the physical space and realizes the transfer of electric
energy from the power supply side to the load side based on a no-wire contacting mode [1,2].
This technology provides effective solutions and measures for reliable power supply of inspection
robots [3], electric vehicles (EVs) [4], mobile phones [5], unmanned aerial vehicles [6], on-line EVs [7]
and industrial application in high-voltage transmission networks [8], and avoids contact sparks,
plug wear [9,10], and other problems.

As the core index of the technology’s advantages over traditional wired charging technology, the
power transmission efficiency (PTE) of WPT system plays a decisive role in the large-scale application
of the technology. Despite the WPT system works on the principle of high-frequency magnetic field
propagating in the air, the large reluctance of the air (a relative permeability of only 1) greatly affects the
PTE of the system. The main methods to improve the PTE of the system include: increasing the working
frequency of the system, reducing the loss of the system itself, and increasing the coupling between the
coils. As a rule, high operating frequency corresponds to the smaller limit index in the safety standard
of electromagnetic environment [11], which may cause the electromagnetic environment around the
system to fail to meet the limit index and thus fail to be normally applied. Also, a high frequency
puts forward higher requirements for the design and stable operation of the inverter. In addition,
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restricted by the size, space and weight of the system, as well as the processing cost of magnetic
materials, it is challenging to improve the coupling strength between coils, which justifies the feasibility
of minimizing the resistance loss of the system itself. In general, the loss of the system comes from
that of high-frequency inverter, the transceiver coil and the rectifier converter. In view of the large
number of components involved in high-frequency inverters and rectifier conversion devices, apart
from the optimal control of soft switches, it is expected to conduct optimal selection of devices in terms
of hardware to reduce loss. Thus, the minimization of coil losses is believed to be feasible.

Since the Massachusetts Institute of Technology (MIT) proposed magnetic coupling resonance
WPT technology in 2007 [1], academia and industry have done a lot of research for solving the
problem of WPT system transmission distance and PTE improvement [12–16], and proposed frequency
tracking [13], impedance matching [14], changing the coil structure, and adding magnetic circuit
optimization structure [15,16]. These methods have improved the PTE of the system to a certain extent,
but more focus on the principle of increasing the coupling between the coils. There is relatively little
research on the calculation of the coil self-resistance in the field of WPT.

For the calculation of self- and mutual impedances in planar inductors, Hurley et al. [17] studied
the variation of the mutual impedance of two coaxial circular filaments with frequency in the presence
of a semi-infinite substrate. On this basis, the authors proposed a theoretical model for calculating
the self-inductance and equivalent resistance of a circular filament on a substrate with a limited
thickness [18], and studied the variation of the mutual impedance of two coaxial circular filaments
with frequency.

Based on the above research, the research on the change law of the impedance of the heating coil on
a substrate is more in-depth in the field of induction heating [19–23]. A set of analytical expressions was
derived for the equivalent impedance in a planar circular induction heating system [19]. This method
was extended to the case of multilayer substrates with finite thickness and infinite area [20]. A theory
of inductance calculation of planar spiral windings was extended to determine the inductance of planar
spiral windings shielded by a double-layer planar EM shield which consists of a layer of soft magnetic
material and a layer of conductive material [21]. The variation trend of the equivalent impedance of
the induction heating coil wound with Litz-wire on the substrate of finite thickness and infinite area
was also analyzed [22,23].

However, previous studies have mostly focused on the variation rule of coil effective series
resistance (ESR) with frequency when the substrate contains ferrite or aluminum plate, and few studies
have focused on the influence of the substrate size changes on coil ESR. Although the change rule
of coil ESR when there are multiple ferrite cores based on the method of simulation and theory is
mentioned in [24], it is still not systematically studied with respect to the change rule of coil ESR when
the thickness and area of substrate change. So, here, the influence of substrate size on the coil ESR,
for single-layer and double-layer substrates, is studied. The purpose is to get the variation law of coil
ESR at changing area and thickness and constant weight of the substrate and help the researchers for
efficiently selecting the substrate and further improving the transmission efficiency of the system.

For the above purpose, the resistance of circular disk coils without substrate is firstly analyzed
theoretically in this paper. Based on existing research, the theoretical analysis of the coil resistance of
single-layer and double-layer substrate with finite thickness and infinite area is studied respectively,
followed by a discussion on the shifts of calculation methods when the substrate thickness is close
to the skin depth. Through the establishment of the actual model and the introduction of COMSOL
Multiphysics finite element simulation and experimental measurement, this is compared with the
theoretical calculation and summarized the variation rule of coil ESR at changing thickness of the
substrate. Finally, the variation law of coil ESR at changing area and thickness and constant weight of
the substrate is discussed to explore ways to reduce coil ESR.

The structure of this paper is as follows. In Section 2, the theoretical calculation method of the
coil’s conduction resistance and induction resistance with the single-layer and double-layer substrates
is modeled and analyzed. In Section 3, the change rule of coil ESR when the size of the single-layer
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substrate changes is analyzed by theory, simulation, and experiment. When the size of the double-layer
substrate changes, the change rule of coil ESR is also analyzed in Section 4. Section 5 concludes
this paper.

2. Modeling of Coil ESR

The loss of the coil mainly includes the conduction resistance of the Litz-wire bundle itself and
the induction resistance caused by the substrate material around the coil [25]. That is to say, coil ESR
RESR with substrate material consists of two parts: conduction resistance RAC and substrate induction
resistance RInd, which is defined as RESR = RAC + RInd. In order to reduce the coil loss as much as
possible, it is not only necessary to realize the accurate calculation of the conducting resistance of
the coil itself, but also to grasp the influence law of the substrate material on the change of the coil
resistance. Firstly, the conduction resistance of the coil is modeled and analyzed in this section.

2.1. Coil Conduction Resistance

2.1.1. Calculation of Litz-Wire Bundle Resistance

In order to reduce the conduction resistance of the coil, multiple film-insulated round copper
wires are often used to wind the coil by twisting into a Litz-wire bundle. The coil of WPT system
works under the condition of high frequency current, and there is skin effect in the flow of high
frequency current in film-insulated round copper wire. Therefore, after the working frequency of
WPT system is determined, the diameter of single wire should be selected based on the skin depth of
copper wire to ensure the optimization of cost and loss. Based on the recommendation of Litz-wire
manufacturer, the model of the copper wire corresponding to the commonly used working frequency
band is shown in Table 1. The specifications of the copper wire in Table 1 meet the NEMAMW1000
(Revision2008) standard.

Table 1. The relationship between the strand type and working frequency of Litz-wire.

Working
Frequency Band

AWG
Size

Bare Wire Diameter
ds (mm)

Single Paint Film
Diameter ds′ (mm)

Unit Resistance
RS_Unit (Ω/m)

60–1000 Hz 28 0.320 0.356 0.2123
1–10 kHz 30 0.254 0.284 0.3371

10–20 kHz 33 0.180 0.206 0.6689
20–50 kHz 36 0.127 0.147 1.350
50–100 kHz 38 0.102 0.119 2.111

100–200 kHz 40 0.079 0.094 3.519
200–350 kHz 42 0.064 0.076 5.421
350–850 kHz 44 0.051 0.061 8.495

850k–1.4 MHz 46 0.0399 0.0508 13.802
1.4–2.8 MHz 48 0.0315 0.0381 22.129

For the resistance value of the Litz-wire bundle, the DC resistance RDC is to be calculated firstly.
Then the AC resistance RAC is calculated in high frequency. According to [26], the accurate theoretical
calculation of the DC resistance of the Litz-wire bundle is

RDC =
4ρl

nLitzπd2
s
(1 +

nLitzπ
2d2

s

4KaP2 ) (1)
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where ρ is the resistivity of the Litz-wire strand, l is the actual length of the Litz-wire strand, P is the
pitch of the Litz-wire bundle, ds is the bare wire diameter of the Litz-wire strand, nLitz is the strand
number of the Litz-wire bundle, and Ka is the packing factor of the Litz-wire bundle and

Ka =
Acu

Ab
=

nLitzd2
s

d2
b

(2)

l = ltot

√
1 + (πdb/P)2 (3)

where Ab is the overall bundle area (πd2
b/4),Acu is the sum of the cross sectional areas of all the strands

(nLitzπd2
s /4), db is the overall bundle diameter of the Litz-wire bundle and db ≈ ds′ ×

√
nLitz/0.75, ds′ is

the paint film diameter of the Litz-wire strand, and ltot is the length of the Litz-wire bundle for coil.
Furthermore, according to [27], the accurate calculation equation of AC resistance of the Litz-wire

bundle can be obtained by

RAC = RDC(1 +
KanLitzπ

4d4
s f 2
× 10−14

8ρ2 ) (4)

where f is the frequency of current in Litz-wire bundle.
Of course, in the case of low error requirements, it might be estimated by the ratio of the unit

resistance of a copper strand in the corresponding working frequency band in Table 1 to the number of
strands of the Litz-wire bundle as

RAC ≈ RDC = ltot
RS_Unit

nLitz
. (5)

2.1.2. Circumference Calculation of Disk Coil

As can be seen from the Equation (3), the accurate calculation of the coil conduction resistance
requires the total length of the Litz-wire bundle winding the coil, that is, the circumference of the
coil. This paper calculates the length of the disk coil as shown in Figure 1. The number of turns is N,
the minimum radius of the coil ring is rmin, and the maximum radius of the coil ring is rmax in the disk
coil. The turn spacing of the coil is ∆D.
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Figure 1. The Structure diagram of disk coil.

For a more accurate simulation of the actual winding of the coil, it is assumed that the disk coil is
tangentially connected by a semi-arc with a gradually increasing diameter, and the diameter increases
by ∆D + db with each additional semi-arc. Let the diameter of the first semi-arc of the first turn be
2rmin, the diameter of the second semi-arc of the first turn is 2rmin + ∆D + db, the diameter of the first
semi-arc of the second turn is 2rmin + ∆D + db + ∆D + db and the diameter of the second semi-arc
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of the second turn is 2rmin + ∆D + db + ∆D + db + ∆D + db. By analogy, the diameter of the second
semi-arc of the Nth turn is 2rmin + (2N − 1)(∆D + db). In summary, the total length of the Litz-wire
bundle winding the coil shall be

ltot =
π
2
[4Nrmin + N(2N − 1)(∆D + db)]. (6)

Therefore, the conduction resistance of the disk coil without substrate can be calculated by
simultaneous Equations (1)–(4) and (6).

2.2. Coil Induction Resistance with Substrate

In order to meet the requirements of electromagnetic environment limits and improve the
coupling between coils, substrate materials are often used around coils to increase coupling and shield
electromagnetic fields. Due to the eddy current effect, the substrate material shields the magnetic field,
but it also affects the resistance of the coil, i.e., induction resistance RInd. In this paper, the theoretical
modeling calculation of induction resistance is carried out next.

2.2.1. Coil Induction Resistance with Single-Layer Substrate

The coil model with single-layer substrate is as shown in Figure 2. The diameter of the coil wire in
it is the overall bundle diameter db of the Litz-wire bundle. The outer radius of the outermost turn
of the coil is r1o, and the inner radius is r1i. The secondary outer turns are r2o and r2i respectively.
The innermost turns are rNo and rNi respectively, and so on. µr1 and σ1 are the relative permeability
and conductivity of the substrate material, respectively. t1 is the thickness of the substrate material.
dc is the vertical distance from the center point of the cross section of the coil to the origin O.
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Figure 2. The coil model with single-layer substrate.

Based on the calculation equation of the mutual impedance of the coil with a finite thickness of
substrate material in [18], the calculation equation of the coil induction resistance with single-layer
substrate in Figure 2 can be obtained by

RInd−1 = real[
N∑

m=1

N∑
n=1

jωµ0π

d2
b ln( rmo

rmi
) ln( rno

rni
)

∫
∞

0
S(krmo, krmi) · S(krno, krni)Q(kdb)λ(t1)e−2kdcdk] (7)

where

S(krmo, krmi) =
J0(krmo) − J0(krmi)

k
(8)

Q(kdb) =
2
k
(db +

e−kdb − 1
k

) (9)

λ(t1) = φ(k)
1− e−2ηt1

1−φ(k)2e−2ηt1
(10)
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η =
√

k2 + jωµ0µr1σ1 (11)

φ(k) =
µr1k− η
µr1k + η

(12)

µ0 is the permeability of free space (4π× 10−7 H/m). J0(kr) is the first kind of 0-order Bessel function.
The application condition of Equation (7) is that the thickness of substrate shall be less than 5 times

of the skin depth of material. In case that the thickness of substrate fails to meet the condition, it might
be equivalent to a semi-infinite plane and calculated by

RInd−1 = real[
N∑

m=1

N∑
n=1

jωµ0π

d2
b ln( rmo

rmi
) ln( rno

rni
)

∫
∞

0
S(krmo, krmi) · S(krno, krni)Q(kdb)φ(k)e−2kdcdk] (13)

2.2.2. Coil Induction Resistance with Double-Layer Substrate

The electromagnetic shielding around the coil of WPT system usually adopts a double-layer
substrate composed of ferrite and aluminum plate. That is, the first layer of substrate adjacent to the
coil is ferrite, and the second layer is aluminum plate, as shown in Figure 3.
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Compared with Figure 2, a layer of substrate material with thickness t2, relative permeability µr2

and conductivity σ2 is added. Based on the mutual impedance calculation equation of the coil with
double-layer substrate material given in [21], the calculation equation of the coil induction resistance
with a double-layer substrate material can be obtained as follows

RInd−2 = real[
N∑

m=1

N∑
n=1

jωµ0π

d2
b ln( rmo

rmi
) ln( rno

rni
)

∫
∞

0
S(krmo, krmi) · S(krno, krni)Q(kdb)λ(t1, t2)e−2kdc dk] (14)

where

λ(t1, t2) =
φ1(k)+

θ(t2)−m
θ(t2)+m e−2η1t1

1 + φ1(k)
θ(t2)−m
θ(t2)+m e−2η1t1

(15)

θ(t2) =
1−φ2(k)e−2η2t2

1 + φ2(k)e−2η2t2
(16)

m =
µr1η2

µr2η1
(17)

η1 =
√

k2 + jωµ0µr1σ1 (18)

η2 =
√

k2 + jωµ0µr2σ2 (19)
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φ1(k) =
µr1k− η1

µr1k + η1
(20)

φ2(k) =
µr2k− η2

µr2k + η2
(21)

All of the above parameters are in SI units. To sum up, this paper has modeled the calculation
method of the equivalent resistance of the coil with single-layer and double-layer substrate materials.
Next, the above method is verified by some examples, and the influence of substrate material size
change on coil ESR is discussed.

3. Analysis of Coil ESR with Single-Layer Substrate

The coil as shown in Figure 4 is used for analysis in this paper, and its detailed parameters are
shown in Table 2. The Litz-wire of the winding coil is insulated with its own paint film layer and
external woolen material. The substrate around the coil to shield the electromagnetic field is usually
made of ferrite, aluminum and other materials [15], whose conductivity and permeability are shown in
Table 3. Among them, the conductivity of Ferrite 1 is 0 S/m, which is the ideal ferrite. The conductivity
of Ferrite 2 is 10 S/m, which is closer to reality. Due to the common charging frequency of EVs wireless
charging system is 85 kHz. Therefore, this paper focuses on the study of the influence of substrate
material on coil ESR at 85 kHz. The skin depth of substrate materials at 85 kHz is also listed in Table 3.
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13cm

20.6cm

Figure 4. The prototype of coil.

Table 2. The mechanical parameters of the coil.

Parameters Value Parameters Value

the strand diameter ds 0.1 mm strands number nLitz 120
the overall bundle diameter db 1.5 mm coil turn spacing ∆D 0.5 mm

coil inner diameter 2rmin 13 cm coil outer diameter 2rmax 20.6 cm
coil turns N 19 current flow area 1 mm2

Table 3. The substrate material parameters.

Parameters Ferrite 1 Ferrite 2 Aluminum

Relative permeability µr 3300 3300 ± 25% 1
Conductivity σ (S/m) 0 10 3.82 × 107

Skin depth @ 85 kHz (mm) / 545.9 0.2793



Electronics 2020, 9, 1025 8 of 17

Then, the change law of coil ESR is compared and analyzed by the methods of theory, finite element
simulation software (Figure 5a) and experimental test (Figure 5b). The condition when the side length
of substrate is far larger than the diameter of the outer ring of the coil is first analyzed.

Electronics 2020, 9, x FOR PEER REVIEW 8 of 18 

 

Figure 4. The prototype of coil. 

Table 2. The mechanical parameters of the coil. 

Parameters Value Parameters Value 

the strand diameter sd  0.1 mm strands number Litzn  120 

the overall bundle diameter bd  1.5 mm coil turn spacing D  0.5 mm 

coil inner diameter min2r  13 cm coil outer diameter max2r  20.6 cm 

coil turns N  19 current flow area  1 mm2 

Table 3. The substrate material parameters. 

Parameters Ferrite 1 Ferrite 2 Aluminum 

Relative permeability r  3300 3300 ± 25% 1 

Conductivity   (S/m) 0 10 3.82 × 107 

Skin depth @ 85 kHz (mm) / 545.9 0.2793 

Then, the change law of coil ESR is compared and analyzed by the methods of theory, finite 

element simulation software (Figure 5a) and experimental test (Figure 5b). The condition when the 

side length of substrate is far larger than the diameter of the outer ring of the coil is first analyzed. 

  
(a) (b) 

Figure 5. The model of coil with single-layer substrate: (a) Simulation model in COMSOL 

Multiphysics; (b) Experimental test platform. 

3.1. When the Thickness of Substrate Material Changes 

The theoretical calculation curve of coil ESR variation shall be obtained by substituting the data 

in Table 3 into Equations (4) and (7), i.e., the dot curve in Figure 6. Please note that a thickness of 1 

mm of the aluminum plate, it should be calculated by Equation (7) because it is less than five times of 

skin depth. For the thickness of 2–10 mm, Equation (13) shall be adopted because it is greater than 

five times of skin depth. 

The simulation model as shown in Figure 5a is established by setting the current flow area of a 

single conductor of 1 mm2 in COMSOL Multiphysics Coil Domain node and the substrate area of 50 

cm × 50 cm (i.e., the side length of 50 cm, which meets the requirement of far larger than the diameter 

of the outer ring of the coil). The finite element calculation curve of coil ESR, i.e., the trigonometric 

curve in Figure 6, is obtained by parameterized scanning of the thickness of substrate. HIOKI 

3532-50 LCR HiTESTER (HIOKI, Shanghai, China) (LCR analyzer) is introduced to build the 

experimental measurement platform in Figure 5b, and the measurement results of the variation of 

coil ESR including single-layer substrate are shown in the dotted line in Figure 6. Although Ferrite 1 

with conductivity of 0 in Table 3 is an ideal material, it does not exist in reality, the experimental 

measurement curve of which is therefore not included in Figure 6. In addition, due to the complex 

50cm

13cm
20.6cm

t1

Aluminum 

plate

50cm

Figure 5. The model of coil with single-layer substrate: (a) Simulation model in COMSOL Multiphysics;
(b) Experimental test platform.

3.1. When the Thickness of Substrate Material Changes

The theoretical calculation curve of coil ESR variation shall be obtained by substituting the data in
Table 3 into Equations (4) and (7), i.e., the dot curve in Figure 6. Please note that a thickness of 1 mm of
the aluminum plate, it should be calculated by Equation (7) because it is less than five times of skin
depth. For the thickness of 2–10 mm, Equation (13) shall be adopted because it is greater than five
times of skin depth.
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Figure 6. Coil effective series resistance (ESR) change curves when the thickness of single-layer substrate
material changes.

The simulation model as shown in Figure 5a is established by setting the current flow area of a
single conductor of 1 mm2 in COMSOL Multiphysics Coil Domain node and the substrate area of
50 cm × 50 cm (i.e., the side length of 50 cm, which meets the requirement of far larger than the diameter
of the outer ring of the coil). The finite element calculation curve of coil ESR, i.e., the trigonometric
curve in Figure 6, is obtained by parameterized scanning of the thickness of substrate. HIOKI 3532-50
LCR HiTESTER (HIOKI, Shanghai, China) (LCR analyzer) is introduced to build the experimental
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measurement platform in Figure 5b, and the measurement results of the variation of coil ESR including
single-layer substrate are shown in the dotted line in Figure 6. Although Ferrite 1 with conductivity of
0 in Table 3 is an ideal material, it does not exist in reality, the experimental measurement curve of
which is therefore not included in Figure 6. In addition, due to the complex processing technology of
ferrite, only the ferrite with thickness of 5 mm, 7 mm, and 10 mm is available, which is thus measured
in this paper.

As the curve in Figure 6 implies, the theoretical calculation, finite element simulation calculation
and experimental measurement results of ferrite are highly consistent. The change of thickness of
Ferrite 1 has no effect on coil ESR. Coil ESR increases with the increase of the thickness of Ferrite 2,
and the resistance increases by 31.73% at the thickness of 10 mm compared with at the thickness of
1 mm, suggesting that the conductivity of substrate contributes to the main growth of coil ESR.

Also, according to Figure 6, coil ESR first decreases and then increases with the increase of the
aluminum plate thickness. Coil ESR decreases to the lowest at the thickness of 5 mm of the aluminum
plate substrate, which is a decrease of 38.66% compared with that at the thickness of 1 mm and a
decrease of 19.25% compared with that at the thickness of 10 mm. The variation might be attributed to
the combination of eddy current and skin effect in aluminum plate. In spite of the high consistency
of the results of finite element simulation and experimental measurement of coil ESR of single-layer
aluminum plate, there are significant deviations between the theoretical calculation results and the
simulation and experimental results. This may be due to the assumptions of the theoretical calculation
model are in the transition stage when the thickness of the aluminum plate is 5–50 times of the skin
depth (i.e., 1–7 mm). Therefore, in the coil design and optimization analysis, a simple assessment of
resistance loss might be made by theoretical calculation before a more accurate evaluation of resistance
by the Coil Domain calculation of COMSOL Multiphysics, thus improving the complex calculation in
the evaluation of equivalent resistance in coil design.

From the above, when the size of single-layer substrate is far larger than that of coil, shielding the
magnetic field with materials with the smallest conductivity is one of the effective ways to reduce coil
ESR. Due to the extremely high conductivity of substrate materials (such as aluminum), the increase
of thickness can be resorted to in case of high requirement for the shielding effect, whereas there is
an optimal value of thickness. The thickness of substrate shall be appropriately selected based on a
comprehensive consideration of coil weight and working performance.

According to the analysis above, for aluminum plate with finite thickness and infinite area, the
theoretical calculation results are low consistency with experimental measurement. The experimental
measurement results are high consistency with COMSOL Multiphysics simulation calculation.
Therefore, the methods of simulation and experimental measurement shall be adopted to explore the
variation rule of coil ESR at changing area and volume of substrate.

3.2. When the Area of Substrate Material Changes

Based on the three materials in Table 3, the change of coil ESR when the area of different substrate
materials changes from 5 cm × 5 cm to 26 cm × 26 cm, i.e., the side length changes from 5 cm to 26 cm,
is calculated by simulation, as shown in Figure 7. In Figure 7a, the red curve is the change curve of
coil ESR when the substrate material is Ferrite 1, and the blue curve is the change curve of coil ESR
when the substrate material is Ferrite 2. Figure 7b is the change curve of coil ESR when the substrate
material is aluminum plate.
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Figure 7. Coil ESR change curves when the area of single-layer substrate material changes: (a) With
Ferrite 1 and Ferrite 2; (b) With aluminum plate.

As shown in Figure 7a, at changes of the thickness and area of Ferrite 1, coil ESR changes only
within 0.01 mΩ, that is negligible, suggesting that the change of Ferrite 1 in area and thickness shall not
affect coil ESR. At the constant thickness of Ferrite 2, coil ESR increases with the increase of area. At the
thickness of 1 mm, coil ESR of that with the area of 26 cm × 26 cm increases by 4.92% compared that
with the area of 5 cm × 5 cm. At the thickness of 10 mm, coil ESR of that with the area of 26 cm × 26 cm
increases by 47.49% compared that with the area of 5 cm × 5 cm. At the constant area of Ferrite 2,
the change of coil ESR is positively correlated with the increase of the thickness of Ferrite 2. At the
area of 11 cm × 11 cm, coil ESR of that with the thickness of 10 mm increases by 3.15% compared
that with the thickness of 1 mm. At the area of 26 cm × 26 cm, coil ESR of that with the thickness of
10 mm increases by 40.77% compared that with the thickness of 1 mm. Therefore, in terms of practical
application, on the premise of achieving mutual inductance between coils, coil ESR should be reduced
by minimizing the thickness and area of Ferrite 2.

From the curve in Figure 7b, it can be concluded that the effect of aluminum plate substrate on
coil ESR is different from that of ferrite. Coil ESR decreases with the increase of the thickness of the
aluminum plate when the side length of the aluminum plate is less than 13 cm (the diameter of the
inner ring of the coil), and increases with the increase of the area of the aluminum plate at the same
thickness. At the area of 9 cm × 9 cm, Coil ESR of that at the thickness of 10 mm is 21.99% lower than
that of 1 mm thickness. At the thickness of 5 mm, coil ESR of that at the area of 13 cm × 13 cm is 210.6%
higher than that of 5 cm × 5 cm.

As the side length of the aluminum plate continues to increase from 13 cm, coil ESR shall gradually
increase to the highest before starting decrease and finally tend to be stable. At the thickness of
1–2 mm, coil ESR is much greater than that of other aluminum plates with the same area. At the
area of 20 cm × 20 cm, coil ESR of 1 mm thickness is 57.57% larger than that of 5 mm thickness and
25.02% larger than that of 10 mm thickness. Coil ESR of the aluminum plate with the thickness of
5 mm is smaller than that of the other plates with the same area when the side length of the aluminum
plate with the diameter of 20 cm is close to the outer ring of the coil. Thereafter, with the increase
of aluminum plate area, there is basically no change to coil ESR, and it remains the smallest at the
thickness of 5 mm.

According to the small diagram in the upper right corner of Figure 7b, at the area of 20 cm × 20 cm
of the aluminum plate, coil ESR first decreases and then increases with the increase of the aluminum
plate thickness, and reaches the minimum at the thickness of 5 mm. This implies that, when the side
length of the aluminum plate is not less than the diameter of the outer ring of the coil, the value of coil
ESR is the smallest at the thickness of 5 mm of the aluminum plate, which however is unavailable in
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reality due to the limitations of the application environment. This is suggested to take into account the
appropriate thickness and area of aluminum plate substrate based on the system performance, coil size
and shielding requirements.

Since the weight of the whole packaged coil is one of the major concerns in the industrial
application of WPT system, the variation rule of coil ESR in case of constant weight and changing
thickness and area of single-layer substrates shall be studied.

3.3. When the Weight of Substrate Material is Constant

At the constant substrate density, the constancy of weight might be equivalent to the constancy of
volume. According to Section 3.1, in the area of 20 cm × 20 cm, the volume of 5 mm, 7 mm, and 10 mm
thickness are taken as the reference respectively, that is, to maintain a constant volume of V = 200 cm3,
V = 280 cm3, and V = 400 cm3. The simulation software is adopted to calculate the variation of coil
ESR at the thickness of 1–10 mm of the three materials in Table 3, as shown in Figure 8.
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Figure 8. Coil ESR change curves when the weight of single-layer substrate material is constant.

As shown in Figure 8, Ferrite 1 with the same volume and different thickness has basically no
effect on coil ESR. In the case of constant volume of Ferrite 2, coil ESR increases first and then decreases
with the increase of thickness, and there is a maximum value. The maximum value of coil ESR of
each volume appears at the area of 20 cm × 20 cm, i.e., at the thickness of 5 mm, 7 mm, and 10 mm,
respectively. However, for a single-layer aluminum plate substrate, with the increase of thickness,
coil ESR decreases first and then increases at the constant volume. Coil ESR of the three reference
volumes is the smallest at the thickness 5 mm and the area of 20 cm × 20 cm of the aluminum plate.

Therefore, at the constant volume, the closer the side length of Ferrite 2 is to the diameter of the
coil outer ring, the larger coil ESR is and the larger the variation is. The minimum value of coil ESR of
aluminum plate substrate appears at the thickness of 5 mm aluminum plate. To sum up, when the coil
transmission performance and weight requirements shall be met, the smaller the thickness and the
larger the area of Ferrite 2 are, and the closer the thickness of aluminum plate is to 5 mm, the better for
single-layer substrates.

4. Analysis of Coil ESR with Double-Layer Substrate

In this section, the effect of double-layer substrate composed of different materials on coil ESR
shall be identified. There are two types of combinations of double-layer substrate, namely Aluminum
plate + Ferrite 1 and Aluminum plate + Ferrite 2. Based on the coil shown in Figure 4, the simulation
and experiment platform, as shown in Figure 9, is established to calculate coil ESR and the results are
compared with the theoretical calculation results.
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Figure 9. The model of coil with double-layer substrate: (a) Simulation model in COMSOL; (b) Experimental
test platform.

4.1. When the Thickness of Double-Layer Substrate Material Changes

Similar to Section 3.1, we first analyze the case when the side length of the double-layer substrate
is far larger than the diameter of the outer ring of the coil. On account of the data in Tables 2 and 3,
when the thickness of each layer in the double-layer substrate varies between 1 mm and 10 mm,
Equation (14) is adopted to carry out the theoretical calculation of coil ESR to obtain the theoretical
value curve of coil ESR, i.e., the orange curve in Figure 10. COMSOL Multiphysics is introduced
to build the simulation model in Figure 9a, which is used to conduct parametric scanning of the
substrate’s thickness and obtain the simulation value curve of the variation of coil ESR. At the same
time, LCR analyzer is introduced to build the experimental platform in Figure 9b. Similar to the
ferrite in single-layer substrates, only the variation curve of coil ESR in the first layer of Ferrite 2 in
double-layer substrate is measured at the thickness of 5 mm, 7 mm, and 10 mm. To conduct a more
intuitive comparison with the simulation value and the measured value, only the case of “Aluminum
plate + Ferrite 2” is shown in Figure 10.
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Figure 10. Coil ESR change curves when the thickness of double-layer substrate material changes.

As indicated by the abscissa in Figure 10, at the constant thickness of ferrite in the first layer of
double-layer substrate, the change in the thickness of aluminum plate in the second layer of substrate
has little effect on coil ESR. That is to say, when the double-layer substrate is large enough and the
thickness of ferrite substrate in the first layer is determined, the change in the thickness of aluminum
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plate substrate in the second layer has no effect on coil ESR. According to the ordinate in Figure 10,
coil ESR increases with the increase of the thickness of Ferrite 2 when the thickness of aluminum plate
in the second layer of double-layer substrate is constant. At the thickness of t2 = 5 mm of aluminum
plate in the second layer of double-layer substrate, coil ESR at t1 = 10 mm thickness of substrate in the
first layer is 43.68% larger than that at t1 = 1mm thickness. Therefore, it is suggested to minimize the
thickness of ferrite substrate in the first layer on the premise of achieving the mutual inductance and
shielding requirements between coils.

It can also be seen from Figure 10 that the coil ESR is almost unaffected by the change of
thickness t2. So, the coil ESR change law of theoretical, simulation and experimental results are a high
consistency, when the size of the double-layer substrate is infinite compared with the coil. Nevertheless,
the theoretical calculation is only applicable to the cases where the side length of the substrate is far
larger than the diameter of the outer ring of the coil. When the side length of the substrate is close
to the diameter of the outer ring of the coil, the next step of this paper is to analyze and study by
combining simulation and measurement.

4.2. When the Area of Double-Layer Substrate Material Changes

In the case that the substrate size is close to that of the coil, the impact of the change in the area of
double-layer substrate on coil ESR at the ferrite thickness of 5 mm, 7 mm, and 10 mm shall be studied
in this section based on the actual situation. The six types of combinations of double-layer substrate to
be studied in this section are as shown in Table 4.

Table 4. The combinations parameters of double layer substrate.

Combinations 1st Layer
Material

1st Layer
Thickness

2nd Layer
Material 2nd Layer Thickness

1 Ferrite 2 5 mm Aluminum 1 mm ≤ t2 ≤ 10 mm
2 Ferrite 1 5 mm Aluminum 1 mm ≤ t2 ≤ 10 mm
3 Ferrite 2 7 mm Aluminum 1 mm ≤ t2 ≤ 10 mm
4 Ferrite 1 7 mm Aluminum 1 mm ≤ t2 ≤ 10 mm
5 Ferrite 2 10 mm Aluminum 1 mm ≤ t2 ≤ 10 mm
6 Ferrite 1 10 mm Aluminum 1 mm ≤ t2 ≤ 10 mm

The results in Figure 11 are obtained by introducing finite element simulation and experimental
measurements. The abscissa represents the change of area with the change of side length of double-layer
substrate in Figure 11.

It can be concluded from Figure 11 that, when the side length of the substrate is smaller than the
diameter of the inner ring of the coil, coil ESR gradually reaches a peak with the increase of the side
length of the substrate. Coil ESR decreases and tends to be stable when the side length of substrate
continues to increase to be larger than the diameter of outer coil ring. In Figure 11a,c,e, when the
thickness of the aluminum plate is 5 mm and the first layer thickness of double-layer substrate is 5 mm,
7 mm, and 10 mm respectively, coil ESR of that with the area of 26 cm × 26 cm decreases by 53.34%,
39.52%, and 31.46% compared that with the area of 14 cm × 14 cm. That is to say, with the constant
thickness of double-layer substrate, coil ESR increases first and then decrease with the increase of the
substrate area. Therefore, when the thickness of double-layer substrate is constant and the side length
is larger than the diameter of the inner ring of the coil, the continuous increase of the side length of
double-layer substrate shall effectively reduce coil ESR.

At the constant side length of double-layer substrate, coil ESR decreases with the increase of the
thickness at the thickness of 1–5 mm of the aluminum plate. When the thickness of aluminum plate is
more than 5 mm, coil ESR hardly changes with the thickness. Therefore, increase of the thickness of
aluminum plate in double-layer substrate shall reduce coil ESR when the side length of the substrate
is constant.
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Figure 11. Coil ESR change curves when the area of double-layer substrate material changes:
(a) Combination 1; (b) Combination 2; (c) Combination 3; (d) Combination 4; (e) Combination 5;
(f) Combination 6.

Compared with Ferrite 1, with the same thickness of ferrite in the first layer of double-layer
substrate, there is almost no change to coil ESR, suggesting that coil ESR is mainly affected by the
aluminum plate in double-layer substrate. When the side length of double-layer substrate is larger than
the diameter of the coil outer ring and the thickness of the aluminum plate is constant, the double-layer
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substrate with Ferrite 1 assumes smaller impact on coil ESR. When the thickness of the aluminum plate
is 5 mm, the first layer of double-layer substrate is respectively 5 mm, 7 mm and 10 mm thick and
has an area of 26 cm × 26 cm, coil ESR of Ferrite 1 is 16.86%, 22.68%, and 28.91% smaller than that of
Ferrite 2. That is, ferrite with lower conductivity might be employed to reduce coil ESR when the size
of double-layer substrate is larger than the diameter of the outer ring of coil.

In summary, for a double-layer substrate, coil ESR shall be reduced by increasing the side length of
the substrate, increasing the thickness of aluminum plate substrate in the second layer and reducing the
conductivity of ferrite in the first layer. Similar to the analysis of a single-layer substrate, research on a
double-layer substrate at constant weight shall be carried out as follows.

4.3. When the Weight of Double-Layer Substrate Material is Constant

For double-layer substrate materials, the constant weight can also be equivalent to the constant
material volume. In the area of 20 cm × 20 cm, the volume of 5 mm and 7 mm thickness are also taken
as the reference respectively, that is, to maintain a constant volume of V = 200 cm3, V = 280 cm3 and
V = 400 cm3. The variation trend of coil ESR is analyzed by changing the substrate thickness of the
two layers at the same time. When the second layers of double-layer substrates are both aluminum
plate, the value of coil ESR is calculated by COMSOL Multiphysics software when the first layer of
substrate is Ferrite 1 and Ferrite 2 respectively, as shown in Figure 12.
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Figure 12. Coil ESR change curves when the weight of double-layer substrate material is constant.

As shown in Figure 12, at the same thickness of each layer of double-layer substrate, the larger
the total volume of the substrate, the smaller coil ESR is. At the constant volume of double-layer
substrate, coil ESR shall gradually increase with the increase of the thickness of each layer of substrate.
When V = 200 cm3, the thickness of each layer of substrate greater than 5 mm shall be equivalent to
the side length of each layer of substrate less than 20 cm, that is, smaller than the diameter of the outer
ring of the coil. According to the theory in Section 4.2, coil ESR shall demonstrate a sharp growth,
which is consistent with the results in Figure 11. Hence, in the case of coil weight limitation, the thinner
the thickness of double-layer substrate, the better. Of course, the conclusion is based on the volume
reference value when V = 200 cm3, V = 280 cm3 and V = 400 cm3, and in the case of larger volume,
the variation law of coil ESR with substrate thickness might be different. For WPT system, however,
it is of significance to only discuss the case when the substrate is close to the coil size.

5. Conclusions

In view of the increase of coil ESR caused by substrate, based on theoretical modeling, simulation
calculation, and experimental measurement, a systematic study on the variation rule of coil ESR with a
single-layer substrate and double-layer substrate is carried out in this paper. According to the results,
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when the size of single-layer substrate is much larger than the coil size, the material with the smallest
conductivity should be selected as the substrate. The thickness should be increased in case of large
conductivity of the substrate, with an optimal value whereas. When the size of single-layer substrate is
close to the diameter of the coil outer ring, coil ESR is proportional to the area of ferrite. However,
with the increase of the area of aluminum plate, coil ESR increases first and then decreases. At the
constant volume, the closer the side length of ferrite substrate is to the diameter of coil outer ring,
the larger coil ESR is. Coil ESR value with aluminum plate reaches the minimum at the thickness of
5 mm. For the double-layer substrate, when its size is far larger than the coil size, coil ESR is only
subject to the thickness of ferrite substrate in the first layer, rather than that of aluminum plate in the
second layer. When the size of substrate is close to the diameter of coil outer ring, coil ESR increases first
and then decreases with the increase of area and finally tends to be constant. The peak value appears
when the size is close to the diameter of coil inner ring. At the constant volume, coil ESR increases with
the increase of the thickness of double-layer substrate. It is believed that the foresaid rules shall assist
researchers’ efficient selection of the thickness, area and volume of substrate, thus reducing the coil
loss and realizing the optimal design of WPT system. Although this paper summarizes the influence of
substrate with different size on the coil ESR, the variation law of the coil ESR needs further study when
the excitation frequency of the coil, the distance between the substrate and the coil, and the shape of
the substrate change.
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