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Abstract—Previous work reveals that the magnetically coupled
resonant (MCR) wireless power transfer (WPT) technology is
efficient and practical for mid-range wireless energy transmission,
able to handle nontrivial amount of power. Due to the variable
coupling coefficient under lateral misalignment and angular
misalignment between transmitting coils and receiving coils, the
output power and transmission efficiency will fluctuate, leading
to instability of the system. This paper presented an equivalent
analytical model for the MCR WPT system to incorporate spatial
misalignments. The mutual inductance formulas were derived
when receiving coils are laterally, angularly or generally mis-
aligned from transmitting coils. The relationship among the output
power, transmission efficiency, the mutual inductance, and load
resistance were analyzed in detail. For the design of the MCR WPT
system, it is necessary to seek optimal transmission performance
under different applications. To achieve maximum output power
and high stability of power transfer in a specific misalignments
range, a normalization method based on the obtained analytical
model was introduced, providing critical insight into the optimal
design of coils. Relative design considerations and optimization
procedures were further stated. Experiments had also been
carried out to evaluate the accuracy of theoretical analysis and
confirm the validity of the proposed optimization method.

Index Terms—Angular misalignment, lateral misalignment,
magnetically coupled resonant (MCR), spatial scales, wireless
power transfer (WPT).

I. INTRODUCTION

IRELESS power transfer (WPT) is a promising tech-
Wnology to be applied in many fields, such as elec-
tric vehicles, consumer electronics, and implantable medical
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devices, due to its superiority on convenience of being cordless,
safety during power charging, and ability to operate in wet and
harsh environment [1]-[4]. Recently, magnetically coupled in-
ductive (MCI) WPT and magnetically coupled resonant (MCR)
WPT are two popular techniques of WPT [5]. Some MCI WPT
cases have exhibited high power transmission efficiency, nor-
mally larger than 90% for several centimeters transmission dis-
tance [6]. But, once the distance gets longer, the efficiency will
drop significantly. MCR WPT is a near-field WPT technique for
mid-range (10-300 cm). In 2007, scientists in Massachusetts
Institute of Technology made a breakthrough in such advanced
field, successfully lighting up a 60 W bulb over distances in
excess of 2 m [7]. The follow-up studies have shown that MCR
WPT provides higher efficiency in longer transmission distance
compared to MCI WPT [8]. Therefore, it is considered to be
one of the most potential techniques for mid-range WPT appli-
cations at present.

In the MCR WPT system, the transmitting coils and receiv-
ing coils are designed to resonate at the operating frequency,
establishing an efficient energy channel for power transfer. Pre-
vious work mainly focused on how to enhance transmission
efficiency for longer distance when Transmitter and receiver
are perfectly aligned along a fixed axis. Many ways to improve
transmission efficiency had been proposed, such as introduc-
ing the intermediate resonant coils [9], realizing soft switching
for power devices [10], optimizing the structure and parame-
ters of coils [11], etc. However, in some applications such as
medical implants, charging device for mobile phones, etc., the
spatial scales of coils including transmission distance, lateral
misalignment, and angular misalignment, may vary randomly
under different environment. The varying spatial scales of coils
will alter the mutual inductance, further cause fluctuations in
output power and transmission efficiency. So, it is critical to
be able to predict the misalignment tolerance of such system
and specify the geometric boundaries of steady operation. In
[12], a lucid approach was presented for the mutual induc-
tance calculation in various misalignment cases, but the mis-
alignment effects on transmission characteristics were not dis-
cussed. In [13], the lateral misalignment was investigated and
high efficiency range was identified, but without considering
coil orientation. A novel analytical model for the MCR WPT
system was proposed in [14], which incorporates coil misalign-
ment when analyzing the output voltage and transmission effi-
ciency using the finite-element method. In [15], coil orientation
was directly integrated into the calculation of transmission effi-
ciency, avoiding involving the mutual inductance. However, the
general misalignment case in which lateral displacement and
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Fig. 1. Four basic compensation topologies. (a) SS. (b) SP. (¢) PS. (d) PP.

angular tilt of coils occur simultaneously was considered in
neither [14] nor [15].

Meanwhile, for the design of the MCR WPT system, it is
crucial to seek optimal transmission performance under dif-
ferent specifications. In [16], optimum design of the two-coil
coupler was discussed and the impact of coil parameters on the
transmission efficiency was emphatically analyzed. In [17], low
coupling coefficient was thought to be the dominant factor that
results in difficulties to achieve high efficiency or large amount
of power transfer, so it proposed a method to improve the cou-
pling coefficient by optimizing the structure of coils. Deficiently,
neither studies in [16] nor [17] took spatial misalignments into
account. In [18], a novel power transfer function was introduced
which combines coil spatial misalignments with several key pa-
rameters of the system in deducing the relationship among the
transmission efficiency. Unfortunately, none of these researches
developed a systematic design procedure to guide the selection
of optimal parameters for a desired output power.

This paper focused on the modeling of the MCR WPT system
with varying spatial scales. The equivalent circuit of the sys-
tem consisting of a half-bridge inverter and a voltage-doubler
rectifier was derived, according to the fundamental harmonic
analysis (FHA) method. Based on the equivalent circuit, ex-
pressions of the output power and transmission efficiency were
deduced. Further, the corresponding mutual inductance formu-
las were also derived. Meanwhile, a detailed theoretical analysis
of misalignment effects on transmission characteristics with var-
ied load was presented, including lateral misalignment, angular
misalignment, and general misalignment. By normalizing mu-
tual inductance into a function only related to coil turns and
solving the differential equation of output power, the steady
operation range and optimum value of coil turns to achieve
maximum power transfer were obtained. Finally, a prototype
had been built and tested to validate the theoretical analysis.

II. DESCRIPTION OF THE MCR WPT SYSTEM

To enhance the capacity of power transfer, improve the sys-
tem efficiency, and lower the voltage and current stress of source
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Fig. 2. Topology configuration of the MCR WPT system.

and load, resonances need to be ensured in both the transmitting
side and the receiving side [19]. To meet such requirement, the
resonant capacitors should be introduced for power compensa-
tion. Four basic compensation topologies labeled as SS, SP, PS,
and PP are shown in Fig. 1, where the first S or P indicates series
or parallel compensation for transmitting coils and the second S
or P means series or parallel compensation for receiving coils. In
Fig. 1, Lg and Lp are the resonant inductors. C's and C'p are the
resonant capacitors. M is the mutual inductance. d is the trans-
mission distance. Ryy is the equivalent load resistance. k¢ and
Rp are the parasitic resistances of coils. Here, resonant capaci-
tors C's and C'p can be provided not only by external capacitors
but also by parasitic capacitances of the coils. According to the
compensation configuration, the transmitting coils can be driven
either by ac voltage source or by ac current source.

Among the four basic compensation topologies, only the
equivalent reactance of SS topology looking from the power
source is independent of the mutual inductance, resonant
inductors or the load resistance at the resonant frequency.
Therefore, this paper selects the SS topology for the following
discussion and adds external capacitors to act as the resonant
capacitors. In general, the values of coil parasitic capacitances
are so smaller than those of added external capacitors that can
be ignored in analysis.

Fig. 2 shows the topology configuration of the MCR WPT
system researched in this paper. As shown, the resonant tank is
driven by a half-bridge inverter with dc input voltage and the
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Fig. 3. Key waveforms of the MCR WPT system.

output voltage is rectified by a voltage-doubler rectifier. Fig. 3
depicts the key voltage and current waveforms of the system.
Vg1 and vggo are the gate-drive voltages of power switches.
vgs1 and vgse are the drain-to-source voltages of them. ¢4 and
irq are the resonant currents of transmitting coils and receiving
coils respectively. 74,1 and 74,9 are the currents flowing through
the rectifier diodes. The dashed lines represent the fundamental
harmonic of the square-wave voltage.

From Fig. 3, it can be known that two power switches are
turned on or off alternately with a small dead time for soft
switching. During the dead time, the parasitic capacitance of
the power switch is discharged by the lagged resonant current
in case of inductive impedance condition. Before the power
switches turns on, the drain-to-source voltage is clamped at zero,
resulting in no turned-on loss. Thus, the power switches can
realize zero-voltage switching (ZVS). Meanwhile, the currents
of rectifier diodes are naturally decreased to zero when they are
turned off, which means the rectifier diodes can operate with
zero-current switching (ZCS). Both ZVS and ZCS operation
are beneficial for high power efficiency and low electromagnetic
interference noise, especially in high frequency application.

III. MODELING AND ANALYSIS OF TRANSMISSION
CHARACTERISTICS

Generally, the quality factors of resonant coils in the WPT
system are very high and the resonant currents are almost
sinusoidal waveforms. So, FHA can be adopted for the steady-
state analysis, which only considers the fundamental component
and neglects the dc component or higher harmonics. The equiv-
alent circuit of the system based on FHA is shown in Fig. 4.
Phasor Uy is the fundamental harmonic of the ac voltage applied
on the transmitting coils. Phasors /s and Ip are the fundamental
harmonics of the resonant currents.
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Fig. 4. Equivalent circuit of the MCR WPT system.

In order to simplify the analysis, the following assumptions
are made:
1) resonant inductor Lg = Lp, resonant capacitor Cs =
Cp;
2) parasitic resistance of coils ¢ = Rp, which are assumed
to be constant.

A. Output Power and Transmission Efficiency

Due to the half-bridge configuration, the norm of U s can be
calculated as

o

The relationship between the equivalent load resistance Ry
and the real load resistance Ry, is

2
Ry = — Ry. (2)
m

According to the equivalent circuit shown in Fig. 4 and Kirch-
hoff voltage law, we can obtain

Us
0

Rs +jXs
—jwM

—jwM Ig 3
Rp +Rw +jXp Ip

where X g and Xp are equivalent reactances of the transmitter
and receiver, respectively,

1

XS:u)Ls— wCD'

Xp =wLp — 4)

1
wCy’

) Assuming Zs =Rg+ jXg and Zp = Rp + Rw + jXp,
Ig and Ip can easily be solved from the previous equations

. U,
Is = 5 (5)
Zs + (wM)*/Zp
Ip = Ig.
D Z, 18 (6)

Therefore, the output power of the system is (7) shown at the
bottom of the page.

Assuming that the radiation loss and power losses are negligi-
ble, the transmission efficiency of the system can be expressed

U52 . (WM)QRW

Po =Ip*Ry =

2
Rs (Rp + Rw) — Xs Xp + (wM)?] + [RsXp + (Rp + Rw ) Xs]’

)
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Fig. 5. Transmission characteristics versus mutual inductance. (a) Output power. (b) Transmission efficiency.
as the double integral in Neumann’s formula
- Ip® Ry M= NsNp o y 7{]{ dls - dlp (12)
ISQRS +ID2 (RD —I—Rw) 4 7SD

(wM)® Ry
Rs [(RD + Ry )? + Xp?| + (wM)? (Rp + Rw)

®)

From (7) and (8), it can be seen that the output power of the
system depends on both Xg and Xp, while the transmission
efficiency of the system is independent on Xg.

The resonant frequency of the MCR WPT system is
defined as

fo =1/ (27VL.C). ©)

When the transmitting coils and receiving coils are both
designed to resonate at the operating frequency, we can get
Xg¢ = Xp = 0. Then, (7) and (8) can be simplified as

Us? - (wM)? Ry
2
[Rs (Rp +Rw) + (WM)Q}

Por = (10)

o ((UM)QRW
Ry (RD + Rw)2 + (wM)2 (RD + Rw).

Equations (1), (2), (10), and (11) show that Py _r and n_p
are both the function of the mutual inductance M and load
resistance Ry . Fig. 5 illustrates the curves of Py _p and 7_p
with various M and Ry, which indicate that the mutual
inductance and load resistance will affect the transmission
characteristics significantly. The specifications are listed as fol-
lows: Vi, =24 V f; =202 kHz,Rs = Rp = 0.28 Q.

R Y

B. Mutual Inductance With Varying Spatial Scales

The varying spatial scales of transmitting and receiving coils
will alter the mutual inductance, further affect the output power
and transmission efficiency. To describe the relationship be-
tween the transmission characteristics and the spatial scales
directly, it is important to obtain the mutual inductance formu-
las in arbitrary spatial scales. This can be realized by solving

where Ng,Np,lg,1p,dls, and dlp are, respectively, the coil
turns, the length of each turn and the infinitesimal of / of
transmitting coils and receiving coils. rgp is the distance be-
tween dlg and dlp. pg is the magnetic permeability of vac-
uum. For clarity, we only show the case of one-turn coil in
next diagrams. According to different spatial scales, the coil
configurations can be classified into four cases, as illustrated
in Fig. 6.

The most complicated general case shown in Fig. 6(d) will
be analyzed first, where both lateral and angular misalignments
are included. The others are just special cases derived from it.
The line elements dlg and dlp, and the distance rsp can be
evaluated by geometrical methods

dlg = rg (—sinfx + cosOy) do (13)
dlp = rp (— sin ¢ cos ax + cos ¢y + sin ¢ sin az) do (14)
r9p = [7’2« + 7’,23 +d* + A? + 2Arp cos ¢ cosa — 2Arg cos

1
—2rgrp(cosf cos ¢ cosa + sinf sin @) — 2rpdcos ¢ sinal?

(15)
Substituting (13)—(15) into (12) yields
Mg — NgNp porsrp
4
y %CM)]{ sin 6 sin ¢ coioz+0089 COS¢d9. (16)
SD

Referring to (16), other cases can be analyzed as follows:
1) Intheideal alignment case shown in Fig. 6(a), two parallel
coils are coaxial, so A = 0 ¢cm and oo = 0°

My = NSND4A7LT07”S7“D
X]{déﬁsinﬂsinqﬁ—l—cos@cosgﬁdg (a7
sD

where

1
r$p = [rgz +rp?+d? —2rsrp(cosf cos ¢+ sinf sinqﬁ)} z,

(18)
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Coil configurations with various spatial scales. (a) Ideal alignment. (b) Lateral misalignment. (¢) Angular misalignment. (d) General misalignment.

Mg (uH)

Fig. 7.

2) In the lateral misalignment case shown in Fig. 6(b), two
coils are still in parallel planes but their centers are mis-
placed by a distance A, so only o = 0°

M, — NSND4/;U7'S7"D
x%d¢?{sin9sin¢+cosécos¢d9 (19)
rSD

where
rsp = [rs® +rp® +d® + A% +2Arp cos ¢

— 2Arg cos0 —2rgrp(cosf cos ¢ + sin sin qb)]%.
(20

3) In the angular misalignment case shown in Fig. 6(c), the
planes of two coils are tilted with an angle « and the axis
of one coil passes through the center of the other coil, so

only A =0 cm
My = NsNpporsrp
4
y %d(bj{ sin 6 sin ¢ cos a + cos 6 coscéd(9
sD
(21)
where

TSp = [7”52 +7rp? 4+ d* —2rpdcos ¢ sina

—2rgrp(cosf cos ¢ cosa + sinf sin )] 7 (22)

50 60 70 80

Mutual inductance with different misalignments. (a) Lateral misalignment case. (b) Angular misalignment case. (c) General misalignment case.

Based on (16), (19), and (21), Fig. 7 shows the mu-
tual inductance curves against the lateral, angular, and gen-
eral misalignment, respectively. The specifications are listed
as follows: Vi, = 24 V, f; =200 kHz, Ry, = 10 Q,rg =1p =
11 ecm, Ng = Np = 14,d = 24 cm. Substituting the obtained
mutual inductance formulas into (10) and (11), the relationship
between the transmission characteristics and the spatial scales
can be revealed, which is as depicted in Fig. 8.

IV. PARAMETER OPTIMIZATION OF COILS TO ACHIEVE
MAXIMUM POWER

Asindicated above, the transmission performance of the MCR
WPT system is sensitive to coil spatial misalignments. From
Fig. 8, it can be observed that output power varies in an unpre-
dictable manner when receiving coils are laterally or angularly
misaligned from transmitting coils. So, it is desirable to opti-
mize the system to improve the transmission stability. This pa-
per focused on the optimal design of coil parameters to achieve
maximum power transfer by using a normalization method. Ac-
cording to different specifications, it can be classified into three
cases: 1) both the transmitting coils and receiving coils are flex-
ible to design; 2) when the dimension of transmitting coils is
mechanically fixed, only receiving coils are allowed to be opti-
mized; and 3) when the redesign of receiving coils is forbidden,
only transmitting coils can be modified. As the analysis pro-
cesses of three cases are similar, for simplicity, we just take case
1 as a example for discussion.

Assuming the transmitting coils and receiving coils are iden-
tical helical coils employing the same way of winding with
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Fig. 8. Three-dimensional view of transmission charactersitics under different spatial scales. (a) Output power. (b) Transmission Efficiency.
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Fig. 9. Mutual inductance with spatial misalignments in case 1. (a) Lateral misalignment. (b) Angular misalignment.

same parameters: Ng = Np = N,rs =1p =1,Rs = Rp =
R, then (16) can be simplified as

M, — poN?r? fdébf.sme sin ¢ cos a + cos 0 cosqﬁda
rSD

(23)

Based on (23), there are two variables (coil radius and coil

turns) that can be optimized. For specific applications, the coil

radius is always dimensionally determined, so we preset it as a

constant and normalize the mutual inductance into a function
only related to coil turns

M, =z (A, ) - N? (24)

where x1 (A,«) is a variable coefficient depending on the lateral
misalignment A and angular misalignment c.

Fig. 9 illustrates the mutual inductances against the square of
coil turns with various spatial misalignments. From Fig. 9, it can
be seen that the mutual inductance almost increases linearly fol-
lowing the growth of the square of coil turns. The slope remains
almost unchanged within the misalignments range of 0—10 cm
and 0-50°. The average value of the slope (0 — 10 cm, 0 ~ 50°)
is calculated to be 1.20 x 10~%. We use this calculated result to
replace 21 (0 ~ 10 ¢cm, 0 ~ 50°) in further analysis. Here, the
specifications are as follows: » = 11 cm,d = 24 cm.

From (10), it is known that Py is also related to the para-
sitic resistances of coils, which are mainly composed of the ac
component. Generally, ac losses of coils in the resonant sys-

tem consist of ohmic (R,) loss inside the coils and radiative
loss (R, ) into free space. At low frequencies, it is dominated
by ohmic loss and at high frequencies by radiation. With the
operation frequency of hundreds of kilohertz in this paper, R,
is in the order of magnitude of 10™* ), that is so smaller than
R, that can be ignored. Thus, for a coil with N turns and made
of a material with conductivity o, ac loss resistance R,. can be
expressed as [7]

Wity l

2ma (@)

where [ and a are, respectively, the total length and the cross-
sectional radius of the wire, and w is the operating angular
frequency. For tightly wound identical helical coils, the total
length can be expressed as

l=21-N-r. (26)
Substituting (26) into (25) yields
1
Ry ==/ 2H0 . N 27)
20

As the material of resonant coils in the MCR WPT system is
multistrand litz wire, we modify the formula of R,

1
Rﬂ.(’,zi %'N'T
nrg 20

(28)
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Fig. 10.  Output power with spatial misalignments in case 1. (a) Lateral misalignment. (b) Angular misalignment.
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Fig. 11.

Prototype of the MCR WPT system.

where n and r, are, respectively, the number of strands and
single-strand radius of the wire.

For the litz wire used in this paper, we found that the measured
R,. presents larger than the theorectical value. Reffering to
the measured data, a compensated term relative to the turns
Reomp is introduced and the parasitic resistance of coils can be

given by
r /w) N 9
nr 20

where kcomp is a constant, which is equal to 0.015 by match-
ing the measured data. It also should be noted that kcomp is
frequency dependent, and is acquired at the frequency of hun-
dreds of Hertz. As o,n,r,, and w are a set of given parame-
ters, following the normalization method above, (29) can be
expressed as

R= Rcomp + Rac - (kcomp +

Substituting (24) and (30) into (10) yields

1

Py = 3D
© (a1N2+a2 —|—a3/N)2
where
@ = ——— 2 (A a) (32)
1 — US RW 1 )
1 3322
= . 33
“ UswyvRy w1 (A, ) 63
Ry T2
J— . . 34
“ T Tw o (Aa) e

By differentiating Pp with respect to N and equating the dif-
ferential function to zero, the optimum value of N for maximum
output power can be obtained as

Nopt = § (35)

When (35) is satisfied, the maximum output power can easily
be solved as (36) as shown at the bottom of the page.

Substituting the value of z;(0~ 10 cm,0 ~ 50°) and
other defined parameters into (35) and (36), we can get:
Nopr=T7,Pomax=<101.53 W. To verify the calculation
results, Fig. 10 depicts the output power curves against
spatial misalignments under different coil turns according
to (10) when R; =10 €. It is observed that the output
power reaches maximum value and remains almost constant
within the misalignments range of 0O~10 cm and 0~50°

R = $2N. (30) when N = NOPT-
U 2
Poaax = S (36)
<b‘ Rw_ | zyt + 1 . zy? + 6
16w? g (A,0)? " wVRy 1 (Aa)
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TABLE I

PARAMETERS OF THE PROTOTYPE

Parameter Symbol Value
Original design After optimization
Case 1 Case 2 Case 3
Transmitter Radius rs 11 cm 11 cm 11 cm 11 cm
Turns Ng 14 7 14 4
Receiver Radius ) 11 cm 11 cm 11 cm 11 cm
Turns Np 14 7 4 14
Input voltage Vin 24V
Operating frequency fs 202 kHz
Transmission distance d 24 cm

Py (W)

n (%)

Fig. 12. Transmission characteristics with lateral misalignment when ov = 60°. (a) Output power. (b) Transmission efficiency.
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Fig. 13. Transmission characteristics with angular misalignment when A = 10 cm. (a) Output power. (b) Transmission efficiency.

V. EXPERIMENTAL VERIFICATIONS

In order to validate the theoretical analysis, a prototype has
been built and tested in the laboratory, as shown in Fig. 11.
The main specifications and coil parameters before and after
optimization are listed in Table L.

Experimental measured data under original design are plot-
ted in Figs. 12 and 13 by solid lines, along with the theoretical
curves, given by (10) and (11) in dashed lines. Fig. 12 shows the
output power and transmission efficiency with lateral misalign-
ment under different load condition, when o = 60°. Fig. 13 de-
picts the transmission characteristics with angular misalignment

3247

under different load condition, when A = 10 cm. By contrast
with the measured data, it is observed that the experimental
results are well in agreement with the theoretical analysis. It
should be noted that the efficiency measured in experiments is
the transmission efficiency from transmitting coils to receiv-
ing coils, only the ac power transfer efficiency. Power losses
in half-bridge inverter and voltage-doubler rectifier are not in-
cluded. The theorectical curve in Fig. 12(a) is different slightly
with the curves in Fig. 10(a), for the operation frequency and
distance in the theorectical analysis are modified to match the
experimental parameters well.
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Fig. 14. Measured transmission characteristics with lateral misalignments in case 1. (a) Output power. (b) Transmission efficiency.
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Fig. 15. Measured transmission characteristics with angular misalignments in case 1. (a) Output power. (b) Transmission efficiency.
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Fig. 16.  Measured output power with spatial misalignments in case 2. (a) Lateral misalignment. (b) Angular misalignment.
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Fig. 18.
0 cm, @ = 30°). (c) General misalignment case (A = 10 cm, = 30°).

Experimental measured data in three optimization cases when
R; =10 Q are plotted in Figs. 14-17 by solid lines, along
with the theoretical curves, given by (10) in dashed lines. As
seen in Figs. 14-17, the measured data match well with the
theoretical analysis. Besides, after optimization, maximum and
nearly stable output power can be achieved within the misalign-
ments range of 0—10 cm and 0 — 50°, proving the normalization
method to be valid for the optimal design of coils. From Figs.
14 and 15, it can be known that the transmission efficiency
achieved by the maximum power transfer theorem, which re-
quires impedance matching, cannot exceed 50%. This is an
inherent limitation of the maximum power transfer principle for
mid-range WPT. Generally, maximum power transfer theorem
is used in mid-range applications in which the energy efficiency
is not of primary concern. It is suitable for relatively low power
applications such as charging of wireless sensor nodes, etc.

Fig. 18 shows the experimental waveforms with three
different spatial scales. Fig. 18(a) shows the key experimental
waveforms in the lateral misalignment case when A = 10 cm.
Fig. 18(b) shows the same waveforms in the angular misalign-
ment case when o = 30°. Fig. 18(c) depicts the corresponding
waveforms in the general case when A = 10 cm and o = 30°.
As shown in Fig. 18, before the switch turns on, the drain
current ¢p is negative, which indicates that the parasitic diode of
the switch has conducted. In the meantime, the drain-to-source

— —

Fpsak d|
\ ip1:[10 A/div] \
Time:[1us/div]

(b) (©)

Experimental waveforms with various spatial scales. (a) Lateral misalignment case (A = 10 cm, a = 0°). (b) Angular misalignment case (A =

voltage vqs was clamped to zero. So, the switches can achieve
ZVS. Besides, it can be observed that two resonant currents
are both good sinusoidal waveforms, and the phase difference
between them is about 90°.

VI. CONCLUSION

This paper proposed an intensive analytical model for the
MCR WPT system. Based on the equivalent circuit model and
FHA method, transmission characteristics of the system were
analyzed in detail. The mutual inductance formulas in arbi-
trary spatial scales were deduced with mathematical methods.
So, the relationship among the output power, transmission effi-
ciency, and spatial scales can be obtained apparently. Research
results show that the mutual inductance varies with the spatial
scales, which further causes fluctuations in output power and
transmission efficiency. For a fixed load resistance, there is a
corresponding mutual inductance that can achieve the maxi-
mum output power. While the transmission efficiency decreases
as the mutual inductance reduces. By normalizing the mutual
inductance formula and solving the output power differential
equation, steady operation range and optimum value of coil
turns were easily obtained. Research results show that after the
optimal design of coil parameters, maximum and nearly stable
output power can be achieved within the predicable misalign-
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ments range. Beyond this range, the output power will decrease
sharply with the increasing lateral or angular misalignment. A
prototype was built and tested to validate the theoretical analysis.
The experimental results are well in agreement with the theo-
retical analysis, verifying the accuracy of the analytical model
and the feasibility of the proposed optimization method.
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