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Abstract In the lunar rover wireless power transfer system, the heat leakage caused by the wire connection between
the solar panel and rover body can be avoided. However, in order to achieve thermal insulation of the rover body, the
metal MLI materials should be placed between the WPT coils indicating the power transfer property will be influenced.
In this paper, the WPT system with the MLI materials power transfer property enhancement with frequency variation
is investigated, and an equivalent electric regression model is proposed to explain the MLI materials influence to the
WPT system. Then the optimal frequency for maximum efficiency is calculated.
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1 Introduction

Recently the wireless power transfer(WPT) [1] based on
magnetic resonance has been applied in various areas.
Operating at the resonance frequency, WPT has become
a promissing solution to replace the wires with a high
transfer efficiency. Because of this property, WPT can
be applied in the space exploration field, such as the
lunar rovers.

Lunar rover is an electric vehicle used for conducting
research tasks on the lunar surface. Because of the in-
tense temperature variation between the lunar day and
night, the heat leakage needs to be avoided to protect
the devices in the lunar rover. In order to achieve ther-
mal isolation, Multi-layer Insulation(MLI) materials [2],
made of aluminmum layers of 200-300 nm, are used for
covering the lunar rover body. MLI materials, as shown
in Fig. 1(a)(b), are metal thermal isolation materials,
which are employed in the space exloration area.

However, there are also parts that cannot be covered
with MLI materials. The conventional lunar rover is
usually powered by photovoltaic(PV) panels, which are
connected to the rover’s body by wires not covered by
MLI. The heat dissipated from the PV panels and wires
can not be ignored [3].

To solve this problem, systems using wireless power
transfer to replace the wires between the PV panel and
the lunar rover have been proposed recently [4], which
can avoid the heat leakage from the wire. In the system,
the MLI materials are placed between the transmitter
the reciever coils, because the reciever coil is placed in-
side the rover’s body. MLI is made of aluminum, so
it can be seen as layers of metal placed between two

coils. Due to the isolation effect of metal conductor ma-
terial on magnetic field, the efficiency of WPT system
decreases at the same resonance frequency. Searching
for the optimal frequency is one of the ways to compen-
sate for this loss of efficiency.

For the WPT systems on earth, in order to aviod
the interference of radio waves, there are regulations
for WPT frequencies. However, for lunar rover WPT
systems, a large range of frequency can be employed as
operating frequency. Previous researches for frequency
optimization in the air usually focus on the copper loss
of coils. Based on the Ohmic resistance analysis, the
quality factor optimization under frequency variation is
conducted [6] [7] [8] to search the optimal resonance fre-
quency. In ref [9], powerelectronics losses have also been
taken into consideration to conduct a numerical model
for the optimal resonance frequency.

However, none of these researches considered the case
of metal materials between two coils. The frequency op-
timization in underwater WPT systems for autonomous
underwater vehicles [10] [11] is similar to this case. Be-
cause the power loss caused by sea water between the
transmitter and reciever coil is generated by the eddy
current inside the seawater, which is similar to a metal
materials. In references [10]- [14] the eddy current loss
in the seawater have been analysed. The most precise
calculation for occasions with ferrite and without ferrite
are proposed in the ref [10] and [11], respectively. But
there are certain difference between water and metal
materials. Furthermore the recent researches for under-
water WPT frequency optimization haven’t considered
the copper loss of the coils.
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Figure 1: (a)Profile of MLI structure. (b)JAXA MLI.
(c)Employed SS topology.

Taking the MLI materials into consideration, this pa-
per investgated the WPT system property of a Qi [5]
coil WPT system with frequency variation. Analysis
has been carried out to explain the frequency-dependent
influence of the system, and an electrical model based
on the theoretical analysis as well as ordinary linear
squared(OLS) regression has been established to calcu-
late the optimal frequency of WPT systems with MLI
materials. In further studies, the analysis method and
regression model can be used to conduct the closed-
form fomulas of optimal resonance frequency for general
WPT systems with metal materials placed between dif-
ferent coils. The MLI materials applied in this paper
are special designed by JAXA, with slits in radioactive
shape. This design reduces the blockage of the magnetic
field by MLI.

This paper is organized as follows, section 2 analyzes
the frequency-dependent parameters of the WPT maxi-
mum efficiency function. In section 3, a regression model
considering the influence of the copper losses and the
eddy current loss in the MLI materials is established.
In section 4, coils are measured to discuss the influence
of MLI material towards the frequency dependent prop-
erty of the coils. In section 5, the regression analysis
based on the proposed model is conducted, and the op-
timal frequency is calculated and discussed. In section
6, the conclusion is summarized.

2 WPT Efficiency Analysis

In this paper, the SS topology has been employed as
shown in Fig. 1(c). And the resonance frequency of
maximum efficiency is considered as the optimal reso-
nance frequency. For WPT systems, the circuit equa-
tions are shown as follows.

(
R1 + jωL1 + 1

jωC1

)
· İ1 + jωM · İ2 = U̇s

jωM · İ1 +
(
R2 +RL + jωL2 + 1

jωC2

)
· İ2 = 0

(1)
Where R1 and R2 are the resistance of the first side

and secondary side; L1, L2 and C1, C2 are the self-
inductances and capacitance of the first and secondary
side, respectively; U̇s is the input power; İ1 and İ2 is
the first and secondary side current, respectively. ω is
the angle frequency and M is the mutual inductance of
two coils. RL is the load resistance. at the resonance
frequency, the inductance and capacitance of both sides

cancel with each other:

ωL1 =
1

jωC1
, ωL2 =

1

jωC2
(2)

Then the efficiency of the system can be calculated as:

η =
ω2M2RL

(R2 +RL) (R1R2 +R1RL + ω2M2)
(3)

Based on this equation, derivate the η by RL when

RL = RL−ηmax =

√
R2

(
ω2M2

R1
+R2

)
(4)

The efficiency achieves the maximum point at this res-
onance frequency [4]:

ηmax =
ω2M2RL−ηmax

(R2 +RL−ηmax) (R1R2 +R1RL−ηmax + ω2M2)
(5)

From these equations, it is observed that the efficiency
is a multivariate function of ω, M , R1 and R2. Based on
this, we can set maximum efficiency objective function:

η = η (R1, R2,M, ω) (6)

In this paper, we only consider the change in fre-
quency, so we can consider ω, R1, R2, M as the interme-
diate variables. The frequency is the only independent
variable, and then the function can be obtained:

η = η (R1(f), R2(f),M(f), ω(f)) (7)

In order to get a numerical equation of the efficiency
function, it is necessary to establish equations for the
resistance and mutual inductance.

3 WPT Coil Resistance Regres-
sion Model Establishment

According to measurement data and previous re-
searches, compared to the resistance, mutual inductance
can be seen as a constant, which can be easily measured
at an arbitrary frequency. The rest of three intermediate
variable mentioned in section 2 are R1(f), R2(f), ω(f).
ω(f) equals to 2πf , so as long as R(f) is determined,
the relation between the maximum efficiency and reso-
nance frequency can be derived. Previous researchers
have done plenty of numerical models for frequency-
dependent resistance of litz-wire coils. The frequency-
dependent resistance of litz-wire coils consist of two
parts: the conductivity resisatance caused by net cur-
rent and the proximity resistance caused by the eddy
current inside the wires.

R(f) = Rcond +Rpr (8)

For conductivity losses, according to previous re-
searches, it can be concluded that when the radius of
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Figure 2: (a)Employed coil structure (b) Experiment
platform

Figure 3: Measurement Cases

each strand rs in litz wire is relatively small compared
to the skin depth δ, the skin effect can be ignored:

FR =
Rcond

Rdc
≈ 1 +

1

48

(rs
δ

)4
≈ 1 (9)

where:

δ =

√
2

√
µσω

(10)

Where µ is the permeability and the σ is the conduc-
tivity of the material. n0 is the number of the strands in
a single litz wire. Rcond is the conductivity resistance of
a unit length wire. It can be observed that for general
litz-wire coils, the radius of each strand is small(For ex-
ample the coils employed), the conductivity resistance
is a constant when the coil is fixed.

For proximity effect, the eddy current loss per unit
length inside an airbitrary coil caused by the alternating
magnetic field will be propotional to frequency squared
[7].

Pj =
πγ4H2

j

8σ
(11)

where

γ =
√

2rs/δ = rs
√
µσω (12)

under the circumstance of γ < 1. Pj and Hj represent
the power loss per unit length caused by proximity effect
and H-field intensity of the jth turn. Becuase the H-field
intensity for jth turn is propotional to the net current
and the equivalent proximity resistance for a strand of
unit length in the jth turn is:

Rj =
Pj

(Irms /n0)
2 =

2Pj

(I/n0)
2

=
2n20Pj
I2

(13)

It can be infered from (11) and (12) that the ratio
of H2

j to I2 will be independ of frequency. The resis-
tance caused by the proximity effect will be propotional
to frequency squared. Thus the frequency-dependent
regression model for litz wire coils is:

R(f) = Rcond +Rpr = kcond + kprf
2 (14)

Where kcond is a constant, equals to the DC resis-
tance. kpr is another constant related to the magenitic
field distribution of the coil. The calculation of the fac-
tors is out of scope for this paper, detailed models are
in ref [7] [8].

But these conventional formulas cannot explain the
increase of resistance caused by the MLI materials. So
in this section, a novel electric regression model has been
proposed by adding an equivalent resistance represent-
ing the MLI influence into the resistance model.

Because the power loss of eddy current for a certain
conductor between transmitter and reciever coils can be
obtained as follows [10] [15].

Peddy = keddy1I
2
1f

2 + keddy2I
2
2f

2 (15)

Where keddy1 and keddy2 are the complex multiple in-
tegrals representing the position and structure where
eddy current exists [10]. Thus the value of keddy1 and
keddy2 are constant under frequency variation. I1 and I2
are the coil RMS currents of the trasmitter and reciever
side generating the electric field inside the integral do-
main. f is the frequency of the magnetic field, which
equals to the frequency of the alternating current. It is
assumed that the external eddy current caused by the
coil increases the equivalent resistance of each coil, so
the eddy current loss is added to the coil copper loss to
establish an equivalent resistance model. So the final
resistance model for transmitter and reciever coils is:

R(f) =
Pcond + Pprox + Peddy

I2

= kcond + kprf
2 + keddyf

2 = kcond + ktotalf
2

(16)
To verify this regression model and to analysis the

influence of the MLI materials towards the optimal fre-
quency, in section 4, the properties for a pair of coils are
measured and discussed.
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Figure 4: Resistance of the coils with and without ferrite in case I-II

4 Coil Parameter Measurement
Experiment

The employed coils are shown in Fig. 2(a), the exper-
iment platform is in Fig. 2(b). The distance between
two coils is 10 mm, and three cases for two types of
coils have been measured as shown in Fig. 3. The first
case is without MLI materials. In the second case, MLI
materials is placed in the middle of two coils. In the
third case, MLI materials is placed near(about 1mm)
the secondary coil. The difference of two types of coils
is whether the ferrite exsists. The coils are TDK 10K2-
A11-6-T170909 based on A11 specification of Qi [5],
using AWG17 type 2 litz wire consists of 105 AWG40
strands. Measurement is carried out using KEYSIGHT
E4990A Impedance Analyzer and the Agilent Technol-
ogyies E5061B Network Analyzer, with both devices re-
sulting in similar data. Frequency range is choosen to
be 50-700kHz, because higher frequency leads to increas-
ing hardware costs, while below 50kHz the quality factor
is usually insuffecient. The resistance of the coils with
or without ferrite is shown in Fig. 4. It can be ob-
served in Fig. 4 that the resistance increases with the
frequency in all cases, and the MLI materials adds to
the measured resistance of the coils in Fig. 4(c) and
Fig. 4(g). The closer the MLI materials is, the higher
the coil resistance increases. This is because the eddy
current loss in MLI materials depends on the magnetic
field, and the magentic field strength is stronger near
the coils. Comparing with the coils without ferrite, the
coils with ferrite possess a higher resistance because of
a higher megnetic strength. This is because the H field

Figure 5: Regression and measurement data for coil 1
in case II-3

influences the skin and proximity effects of the coil, and
the eddy current in the MLI materials. Another prop-
erty taken into consideration is the mutual inductance.
Compared with the resistance, the frequency-dependent
variation of mutual inductance is not significant. But
the influence of MLI materials is obvious, due to the
block of magnetic field, and MLI reduces the mutual in-
ductance. In the rough calculation of optimal frequency,
mutual inductances can be considered as a constant.

5 WPT Frequency Optimization

Based on the regression model, the OLS regression has
been conducted. The objective is to verify the analysis
and to estimate the factors and to calculate the opti-
mized frequency for the coils. The regression result is
shown in tables and curves below. The estimation of
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Figure 6: Regression and measurement data for for coil
2 in case II-3

Table 1: Estimated result of kcond

cases 1 2 3

Coil 1 I 0.06028 0.05958 0.06154
Coil 2 I 0.07150 0.06143 0.06257
Coil 1 II 0.07125 0.06168 0.06308
Coil 2 II 0.07889 0.07398 0.06825

Table 2: Estimated result of ktotal

cases 1 2 3

Coil 1 I 2.103e-13 3.848e-13 2.737e-13
Coil 2 I 2.315e-13 3.939e-13 7.559e-13
Coil 1 II 4.474e-13 1.063e-12 7.034e-13
Coil 2 II 4.618e-13 1.063e-12 2.023e-12

parameter kcond and ktotal is shown in Tab. 1 and 2.

Both kcond and ktotal have a high confidence level of
T-statistics(> 99.99%), and R2 of the regressions is al-
ways higher than 96%. From the estimation parameters,
it can be concluded that kcond is similar to each other,
representing the fixed conducting resistance, and the dif-
ference is because of the different length of connecting
wires during the measurement and measurement errors.
For ktotal, it can be observed that the MLI materials’
influence on resisance has the same order of magnitude
as the proximity effect. This may be because of both
losses are propotional to H-field squared.

The comparasion between the regression resistance
and measurement is shown in Fig. 5-6. Due to the space
limitation, other regression curves are not included in
the paper.

It can be observed for the regression model, to a
large extent, the variation of resistance is explained.
The higher the resistance is, the better the data fits
the model. Based on these regression results, the nu-
merical solutions for optimal frequency are calculated.
The M at 50 kHz is chosen to calculate the relation
of maximum efficiency and resonance frequency. The
calculation result is shown in Fig. 7(a),(b). The opti-
mized frequency calculated by the regression models is:
545.4kHz for case I-1; 394.2kHz for case I-2; 369.4kHz
for for case I-3. For the systems with ferrite, in the three

Figure 7: (a) Numerical estimation of maximum effi-
ciency for case I. (b) Numerical estimation of maximum
efficiency for case II. (c) Measured maximum efficiency
for case I. (d) Measured maximum efficiency for case II.

cases, the optimized frequencies are 406.1kHz, 252.0kHz
and 234.5kHz, respectively. MLI and the ferrite re-
duces the optimal resonance frequency. Ferrite can im-
prove the maximum efficiency at lower frequencies, but
when there are MLI materials, the efficiency drops more
rapidly with respect to the frequency in a higher fre-
quency range.

Compared with efficiency at 85kHz, the efficiency
at optimal frequency increases largely, for case I at
85kHz, η is 82.25%, 82.03% and 80.63% respectively.
But the efficiency at the optimal frequencies is 93.39%,
90.84% and 89.17%. For case II, at 85kHz, the effi-
ciency is 91.47%, 90.78%, 90.67%, respectively. The cor-
responding maximum efficiency at optimal frequencies is
95.81%, 93.62% and93.1%, respectively.

The case when MLI nears one coil possesses the lowest
maximum efficiency and optimal frequency, although in
this case the transmitter coil has a lower resistance than
the case of MLI material in the middle of two coils. This
may be because the symmetric structure has a higher
efficiency, and the increase of the resistance of the sec-
ondary coil (R2) is larger than the decrease of R1. The
efficiency curves based on calculating the measured data
directly by (5) have been shown in Fig. 7(c)(d). It can
be observed that the regression model agrees with the
measurement. For arbitrary WPT systems with MLI,
the regression model can be applied to establish a nu-
merical model of frequency-dependent maximum effi-
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ciency with few data. The limitation of this work is
that the regression model is not a closed-form solution
for frequency optimization, which needs measurement
data to establish a numerical formula when applying to
other coils.

Because the measurement data is not always avail-
able, further researches are needed to establish a spe-
cific model. Based on the conclusion of this paper, by
developing the functions of the factors in the proposed
regression model, further studies can propose more spe-
cific formulas to explain the maximum efficiency at dif-
ferent frequencies.

6 Conclusion

In this paper, the optimal frequency of WPT systems
with MLI material for lunar rovers has been analyzed.
The circuit analysis shows the maximum efficiency de-
pends on the resistance and mutual inductance. Then
an equivalent resistance regression model taking the
eddy current loss inside the MLI material into consid-
eration has been proposed. Based on the measurement
using a specialized structure, the sensitivity of resistance
and mutual inductance towards the resonance frequency
have been disscussed. The regression analysis for WPT
systems shows the model agrees with the measuremnet
result. Based on the regression result, specialized nu-
merical formulas of the maximum efficiency have been
calculated, based on the results, the influence of MLI
and ferrite in such WPT system has been discussed.
Both the ferrite and MLI tend to reduce the system
optimal frequency, although their influence on the max-
imum efficiency is contrary with each other.
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