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Abstract

Output power is an important performance metric related to static or quasi-static wireless power transfer (WPT). As an important com-

ponent of WPT, the electrical parameters of a magnetic coupling mechanism (MCM) are directly related to its output characteristics.

Notably, an optimal WPT design is largely based on MCMs using the same primary and secondary coils. However, in some scenarios

involving limited space, the physical structure and electrical parameters of the coils cannot be kept completely consistent. Based on the

influence of physical parameters on coupling performance and system characteristics, an optimal design method for MCMs using different

primary and secondary coils to ensure maximum output power is proposed. The best receiving coil within a limited space that achieves

maximum power at a specific location was selected. Experiments were conducted, with the corresponding results verifying the correctness

of theoretical and simulation analyses, as well as the effectiveness of the proposed method.
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I. INTRODUCTION

The continuous consumption of fossil fuels has made environ-
mental problems, such as global warming, increasingly prominent.
To address these circumstances, replacing petrol vehicles with elec-
tric vehicles (EVs) has become a strategic policy adopted by many
countries [1-4]. Driven by the promotion of policies and incentives,
the number of EVs has sharply increased. However, the widespread
applications of EV's require proper solutions to their charging prob-

lems. Charging stations are the most common power replenish-
ment equipment for EVs. However, manual operations are required
in the charging process, posing risks pertaining to poor contact and
electric shock on rainy days, among others [5, 6].

Wireless power transfer (WPT) offers a new solution for charg-
ing EVs [7, 8]. In WPT, the electromagnetic field is used as the
medium for non-contact power transmission, thus eliminating
safety issues such as sparks and electric shock. Combined with
intelligent identification and control, manual operation during EV
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charging can be entirely eliminated [9, 10] and completely un-
manned operations can be achieved. The modular structure of
WPT allows for embedded installations that do not require addi-
tional land, which is extremely beneficial for urban planning. WPT
offers numerous advantages in the field of EV charging and, there-
fore, has received increasing attention in recent years [11,12].

Extensive research and exploration has been conducted on
WPT for EVs, mainly with regard to the converter and magnetic
coupling mechanism (MCM) [13-15]. Converter technology is
relatively mature, with a general efficiency higher than 95% or
even 98% [16, 17]. The design of MCM can be divided into two
parts—the compensation topology and the coil structure [18, 19].
The three most common forms of compensation topologies are
series and parallel compensation, which are the basic compensa-
tion topologies [20, 21], and LCC compensation, which is repre-
sentative of a new compensation topology for meeting specific
performance demands [14, 22]. Furthermore, a unipolar Q-type
coil is the most widely used structure prevalent in MCMs [23,
24]. However, to meet the high power requirements at close dis-
tance for EVs, the use of DD-type coil has been proposed [25,
26], since it comprises two-directional magnetic fields on one
side, due to which it is also known as the bipolar coil.

In published research on WPT for EV charging, the optimi-
zation of transmission performance and structural parameters
has usually been based on the identical structure of the MCM,
which uses the same primary and secondary coils. However, in
practical applications, EV wireless charging can be significantly
affected by the characteristics of WPT and the application envi-
ronment. For instance:

1) Placing the transmitter on the ground in EV wireless charg-
ing makes it easy to achieve a unified design, but the volume
of the EV receiver may be limited.

2) The ground clearance of different EVs varies. Therefore, di-
verse kinds of EVs need to be optimized and designed under
various transmission distances to achieve better performance.

3) Different batteries have varying characteristics. Therefore, to
determine the optimal receiver, EV wireless charging needs
to be adjusted according to the properties of the batteries.

Compared to fuel-based vehicles, EVs are at a disadvantage
with regard to their power replenishment time. Addressing this
issue would require greater output power from WPT to shorten
the charging time [4, 11, 27]. Therefore, to build a unified
transmitter, a targeted design should be developed for receivers
of different EVs to achieve maximum power. The traditional
optimal method for achieving maximum output power using
the same coils is no longer applicable. Therefore, in this study, a
design method for the MCM that employs heterogeneous pri-
mary and secondary coils is proposed. The size of the receiving
coil, the transmission distance, and the load differences are com-
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prehensively examined to achieve maximum output power at a
fixed distance within a limited design space.

II. THEORETICAL ANALYSIS

1. Transmission Performance of WPT

In an LC resonant circuit, the frequency f of voltage and
current are not affected by the ideal resonant frequency fy =
1/VLC, which always remains the same as the frequency
fsource of the source. The difference in frequency Af = |fy —
fsource| between the LC and the source only affects the equiv-
alent impedance X;c = 2mfsourcel — 1/2MfsourceC - In
WPT, LC resonance, which is composed of coil inductance
and compensation capacitance, exhibits the same characteristics.
The simplified equivalent circuit for WPT using a series-series
(SS) compensation topology is shown in Fig. 1. Notably, R, =
Rs+ Ry; and R, = R, + Ry, refer to the total resistance of
the primary and secondary sides, X; = wL; — 1/wC; and
X, = wl, —1/wC, denote the total reactance, and X, =
wM 1is the mutual inductance reactance. Notably, Kirchhoff’s
voltage law proposes the following equation:

_jXM ] it
Re + X1 |1, (1)

where current I, and I, of the primary and second sides, re-

[US] _ [Rt +JjXe
0 —JjXu

spectively, can be formulated as follows:
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Fig. 1. Equivalent circuit of WPT with SS compensation topology.
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Furthermore, the input power Py, output power Py, and
transmission efficiency 7 can be expressed as follows:

_ (AR, + BX,)U?

Pin = Re [Uslf] = —F——7— 3)
XZUZR
_ 12 _AMYS L
Poue = IF Ry, = 215 @)
_ Pour _ XuR,
P;, AR, + BX, ©)

where Ug and I, are the modulus values of Ug and I,.

Based on Eq. (5), the variation in transmission performance
with regard to mutual inductance was obtained, as shown in Fig.
2. It is noted that the larger the mutual inductance reactance
X, the higher the transmission efficiency 7. In other words, an
increasing mutual inductance M or resonant frequency f can
improve 7. Furthermore, when output power P, attains its
maximum value, X), must satisfy the following equation:

X = (R + X2)(RE +XP) = 12112, ©

where |Z| = \/R? + X? and |Z.| = \/R2 + X? are the am-
plitudes of the primary and secondary impedances.

Moreover, for WPT with determined physical parameters, a
unique value of mutual inductance M that maximizes the out-
put power is usually considered. The maximum output is

UZR,
212,012, + 2(R.R, — X, X,) )

Poutmax =

When the primary and secondary sides of the MCM have
the same resonant frequency, which is the same as that of the
source, the ideal resonant state is achieved, X, = X, = 0.
Therefore, Eqgs. (6) and (7) can be simplified as follows:
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Fig. 2. Relationship between transmission performance and mutual

inductance.

X% = R.R,
USR,
4R,R,. (8)

Pout-max -

2. Maximum Qutput Power of the MCM

For an MCM characterized by different primary and second-
ary coils, the most significant electrical parameter characteristics
are the unequal inductances L; and L,. To meet resonance
conditions, it may be assumed that the compensating capaci-
tances and inductances satisfy L;C; = L,C,. On determining
the structural parameters of the transmitting coil and the reso-
nance frequency f, Egs. (6) and (7) indicate that the maximum
output power is restricted by the secondary impedance X, and
the mutual inductance reactance X),.

Notably, when the frequency fsoyrce of the source is equal
to the ideal resonant frequency fy, X; = X, = 0 and Z, = Ry,
Z, = R,. Fig. 3 shows the impact of mutual inductance reac-
tance X and receiver resistance R, on the performance of
equivalent circuit, where R, is positively correlated and Xj, is
negatively correlated with input power Pj,. Furthermore, when
either R, or X, is kept constant, the output power P, will
initially increase and then decrease with an increase R, or Xj,.
As for the transmission efficiency 7, as shown in Fig. 3(c), it
increases continuously with an increase in Xj; or a decrease in
R,, indicating an opposite trend as that of Pj,.

If the frequency fsource ©f the source is not equal to the ideal
resonant frequency fo , Xy/L; = X, /L, # 0 . Assuming
fsource = fo + Af, the receiver impedance Z, cannot be con-
sidered purely resistive. Fig. 4 depicts the impact of mutual in-
ductance reactance X), and receiver resistance R, on the per-
formance of WPT under non-ideal resonant conditions. Notably,
the variation trend of the output power P,,; and transmission
efficiency 7 is the same as that shown in Fig. 3(b) and 3(c).
However, the maximum output power Ppyypanax is reduced.
This indicates that the power difference in Py p.mqy is related to
the frequency difterence Af —the greater the Af, the greater the
reduction in Py 4.qy. Furthermore, the input power Pj, in Fig.
4(a) is different from that in Fig. 3(a). This variation is the same
as that of P,,; under non-ideal resonant conditions—increasing
initially to then decrease with an increase in Xp; or R;.

Based on the output power estimations shown in Figs. 3 and
4, a unique mutual inductance reactance X), is observed, which
achieves the maximum output power P,y .mqy for any receiver
impedance Z,, thus satisfying Eq. (6). Furthermore, X, =
wM is influenced by mutual inductance M and angular fre-
quency . The primary and secondary impedances—Z, =
R, +jwl; +1/jwC; and Z, =R, + jwL, +1/jwC, —are
influenced by coil resistances Ry, self-inductances L, and an-
gular frequency w. Moreover, M, Ry¢, and L are found to be
closely related to the physical parameters and the relative spatial
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Fig. 3. Influence of mutual inductance reactance Xu and receiver resistance R on performance under ideal resonant conditions: (a) input power P,

(b) output power Pou, and (c) transmission efficiency 7.
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Fig. 4. Influence of mutual inductance reactance X and receiver resistance R: on performance under non-ideal resonant conditions: (a) input pow-
er P, (b) output power Pou, and (c) transmission efficiency 7.

position of the coils. Notably, during static WPT, the relative be selected and optimized based on the application scenario.

spatial position of the coils usually remains constant. This paper Therefore, the mutual inductance and impedance were adjusted to
takes advantage of the effects of the physical parameters of coils satisfy Eq. (6). For a typical MCM without electromagnetic shield-
on their electrical characteristics to optimize their structure and ing, as depicted in Fig. 6, the optimization of its physical parame-
maximize their output power. ters involves (i) both its transmitting and receiving coils, and (ii)

either the transmitting or receiving coil. In the case of EV wireless
ITI. ELECTRICAL PARAMETERS OF THE MCM charging, the transmitting coil can be flexibly designed, but the

receiving coil is limited by the size of the EV chassis, which indi-
For the MCMs used for EVs, electromagnetic shielding is

usually implemented to reduce electromagnetic leakage and

improve transmission performance, as shown in Fig. 5(a). No-
tably, the influence of electromagnetic shielding on the electrical
parameters of coils does not change the impact of its physical
parameters on self-inductance or mutual inductance [28, 29]. In
other words, the difference in electrical parameters between two
typical MCMs, as shown in Fig. 5, is mainly reflected in the
(2)

relative magnetic permeability p. To simplify the analysis pro-
cess, this study considers an MCM without electromagnetic
shielding, as shown in Fig. 5(b), as an example. (b)

To achieve maximum output power within a limited design Fig. 5. A typical MCM with two coils: (a) with electromagnetic
space, appropriate parameters and structure of the MCM need to shielding and (b) without electromagnetic shielding.
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Fig. 6. A typical MCM without electromagnetic shielding.

cates that Situation (ii) applies in this particular context. Therefore,
the current paper selected this situation as an example for optimiz-
ing the MCM. Subsequently, the transmitting coil and the relative
spatial position were fixed, while the receiving coil was designed
within a limited space to obtain the maximum output power.

1. Mutual Inductance

Mutual inductance refers to the ratio of the magnetic flux
linking any coil to the current-producing magnetic flux in the
other coil. For two parallel single-turn circular coils [30], the
mutual inductance can be expressed as follows:

219 ’
Ml](RCURC]lDL,])=a_ RCLRC], (9)
U

where a;; = 2\/RCiRC]-/[(RCL-+RC}~)2 + Dl-zj], Uo is the per-
meability of vacuum, RC; and RC; are the radii of the two sin-
gle-turn coils, and D;; is the center-to-center distance of the two

single coils. Furthermore, P(a;;) and Q(a;;) are the complete
elliptic integrals of the first and second kinds, respectively.
Notably, a multi-turn coil can be considered equivalent to
some single-turn coils with a continuously varying radius. Fur-
thermore, since the coil radius RC is usually much larger than
the wire radius 7, the effect of r can be ignored. Therefore, the
equivalent radius of the i*" single-turn coil from the center can
be formulated as RC; = RCy + (i — 1)d, where d is the pitch.
Notably, all single-turn coils have the same center. Furthermore,
the distance D;, between the center of the transmitting coil
and the receiving coil also remains constant. Assuming that the
turns of the transmitting and receiving coils are N; and N, the
mutual inductance of MCM can be represented as follows:

N; Ny

M= Z Z M, .(RC., RCy, Dy, ).
t=1 r=1 (10)

Mutual inductance is influenced by multiple factors, which
can be divided into two categories—the physical parameters of
the coils, including the pitch d;, d,, turns N;, N, outer radii
RC¢, and RC,, and the relative spatial position parameters Dy .,
also known as spatial parameters of the MCM,, including the
vertical spacing b, horizontal offset a, and tilt angle y. In stat-
ic WPT, spatial parameters, usually regarded as known parame-
ters in an optimal design, can be obtained through measurement
and prediction.

To carry out an in-depth emamination of the influence of
physical parameters on mutual inductance, a simulation model
was employed in this study. According to the symmetry charac-
teristics and magnetic field distribution of the MCMs, the
transmitting and receiving coils have the same effect on mutual
inductance. Therefore, in the simulation, only the parameters of
the receiving coil were changed. Furthermore, to eliminate the
influence of specific parameter values, the physical and electrical
parameters were synchronously normalized, the function for
which can be defined as follows:

X=-— (11)

where ¢, represents the mean value of each parameter within
the change range.

The outer radius RC,, turns N, pitch d,, and the mutual
inductance M were synchronously normalized based on Eq.
(11), the results of which are shown in Fig. 7. The slopes of the
curves in Fig. 7 represent the strength of the influence of physi-
cal parameters on mutual inductance. A positive slope indicates
an active impact, while slopes less than 0 indicate a negative
correlation. In other words, the greater the absolute value of the
slope, the more significant the effect. According to the varia-
tions of the curves observed in Fig. 7, it is evident that RC,. and
N, are positively correlated with M, while d, is negatively
correlated. Furthermore, the slopes corresponding to RC, and
d, are approximately constant, indicating a linear correlation
between RC,, d,, and M. It is further observed that as N,
increases, the rate of change of M decreases continuously. This
may be attributed to the fact that when N, increases while
RC, and d, are constant, the increased RC gradually starts to
decline, as a result of which the influence of N, on M will
continue to weaken.

From Fig. 7, it is evident that changing the transmitting coil
does not affect the impact of the receiving coil on mutual in-
ductance. Therefore, when a single-sided coil is optimized, the
parameters of the other side can be considered known. Overall,
the influence of the physical parameters of a single-sided coil on
mutual inductance M can be expressed as

M = x,(RC,,N,,d,). (12)
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2. Self-Inductive

Mutual inductance is defined as the ratio of the magnetic flux
linking one coil to the current-producing magnetic flux in the
same coil [31, 32]. Its corresponding equation can be presented as:

R

where, RC; is the radius of the single-turn coil and 7; is the

L(RCl-,ri) = ,LlORCL' [ln (

radius of the wire.

All equivalent single-turn coils have the same center—D, . = 0.

The self-inductance of a coil with N,. turns can be formulated as:

N
L=) L(RC,7)

r=1
N N

+Z Z M, .(RC;,RC,, Dy, = 0). ”

t=1 rlr+t

According to Eq. (14), self-inductance is mainly influenced
by its own turns N, radius RC,, pitch distance d,, and wire
radius 7;.. Therefore, during coil design, 7. is usually deter-
mined based on electrical parameters, such as current and volt-
age. Only N,, RC,, and d, are the optimal targets for the coil
structure. The results processed using Eq. (11) are presented in
Fig. 8, which shows that the changes in the curves are similar to
those shown in Fig. 7. The radius RC, and turns N, are posi-
tively correlated with self-inductance L,, while the pitch d,. is

negatively correlated with the same. Furthermore, RC, and d,
are linearly correlated with L,. Notably, RC, and N, corre-
spond to a larger curve slope, meaning that these parameters
have a more obvious influence on L.

Therefore, the self-inductance of a coil is constrained only by
its own physical parameters, which can be expressed as:

L = x,(RC,,N,,d,.). (15)

3. Resistance

The AC losses of an MCM comprise ohmic losses and radia-
tion losses [7]. Ohmic losses dominate in the low-frequency
range, while radiation losses become prevalent at high frequen-
cies. For EV wireless charging, the resonant frequency generally
remains between 80 kHz and 100 kHz, thus falling in the low-
frequency range. Therefore, in this case, radiation losses can be
neglected. As a result, only ohmic resistance was considered in
this experiment, which can be expressed as follows:

R ,uow L [ﬂOwZR—(N—l)dN
AC T\ 20 4nr N\ 20 8nr ’ (16)

refers to the pitch, w denotes angular frequency, and o indi-

cates conductivity.

According to Eq (16), the AC resistance Ryc is influenced by
the operating parameters (angular frequency w), wire material
(conductivity o, wire radius 7), and structure parameters (radius
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RCt=80mm ==t 1'6'"5 ________ 4:"_dr:2.2mm—ﬂ—‘
§1.5, RCr=100mm === . ¥ ] §15 ; ! ! dr =32 mm ==
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< I 1 ]
g | £ é0.8»—-1—----——--:--------I-----
o | o o | ) |
2O 1 Pes 20 | |
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Fig. 7. Influence of physical parameters on mutual inductance: (a) outer radius, (b) turns, and (c) pitch.
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Fig. 8. Influence of physical parameters on self-inductance: (a) outer radius, (b) turns, and (c) pitch.
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Fig. 9. Influence of physical parameters on AC resistance: (a) outer radius, (b) turns, and (c) pitch.

RC, turns N, pitch d). Therefore, the proposed design focused
on structure parameters. The impact of physical parameters on
AC resistance Ryc is demonstrated in Fig. 9.

Notably, the curves shown in Fig. 9 were also normalized.
The influence of physical parameters on AC resistance Ry¢ is
consistent with the overall trend shown in Figs. 7 and 8. The
outer radius RC, and turns N, are linearly positively correlat-
ed with R,¢, while pitch d, is negatively correlated. Essential-
ly, it is observed that an increase in RC, and N will lengthen
the total length of wire [, while the increase in d, will shorten
it. Furthermore, Litz wire is usually used in WPT, as it can ef-
fectively mitigate the skin effect and proximity effect. There
exists a linear relationship between physical parameters and Ry¢.
It is only when d, is very small that it will exhibit a reduced
skin effect. In other words, Ry¢ gradually decreases and even-
tually stabilizes with an increases of d,.

AC resistance Ry is also restricted by radius RC,, turns N,
and pitch d,., which can be expressed as follows:

RAC = X3 (RCr: Nr: dr) (17)

Overall, based on the effects of physical parameters on electri-
cal parameters, Figs. 7-9 show that the outer radius RC,, turns
N,, and pitch d, have an almost similar influence on mutual
inductance M, self-inductance L, and AC resistance Ry.

IV. OPTIMIZATION OF THE MCM

1. Influence of Resonance Frequency

Based on the theories demonstrated above, resonance frequency
f is another crucial factor that affects the maximum output pow-
er Poyrmax- Eq. (6) clearly shows that f influences Pyy¢maxs
primary impedance Z;, secondary impedance Z,, and mutual
inductance reactance Xj;. The impact of f and mutual induct-
ance M on transmission performance, based on Egs. (3)—(5), are
shown in Fig. 10, where the black dashed line corresponds to the
ideal resonant frequency f,. The area to its right represents the
under-compensation area, where the primary reactance X, and
secondary reactance X, are inductive. Moreover, input power
P;, and output power P,,; have the same variations. When
frequency f reaches close to fj, the maximum output power
Pout-max is achieved, while the corresponding mutual inductance
M is the smallest. Furthermore, as f increases, the required M
for Pyyt-max increases along with it. This is because when f
deviates from fy, X;/L1 = X, /L, # 0. This means that the
larger the deviation, the larger the X; and X,.. Since the modu-
lus of the primary and secondary impedances |Z;| and |Z,| are
also larger, a larger X, was required. In addition, for the trans-
mission efficiency 1 in Fig. 10(c), the higher the M, the higher
the 7. Therefore, 1 is also affected by f. A small M resultsina

12 1600 12 12
S) &) 1200 )
> > =
> 1200 " P
2 8 2 8 2 8
£ s P 800 g
Q Q Q
E 800 2 g
R £ | g
— 4 — 45 — 4
E 400 E 400 E
= = =
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0 . ' 0
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Frequency of source (kHz) Frequency of source (kHz) Frequency of source (kHz)
(2) (b) (©

Fig. 10. The transmission performance varying with the mutual inductance and frequency: (a) input power (W), (b) output power (W), and (c)

transmission efficiency (%).
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higher f and lower 1. At f,, the required M is at its mini-
mum. This is also why both the primary and secondary sides of

an MCM should work in a resonant state as much as possible.

2. Design of the Receiving Coil

The design process for the receiving coil to obtain the maxi-
mum output power Py may is shown in Fig. 11. First, the wire
radius 7, load R}, and resonance frequency f were determined
based on the requirements of EV wireless charging. In a single-
sided restricted MCM,, the physical parameters of a transmitting
coil and its relative spatial position are known conditions. Fur-
thermore, self-inductance L; and resistance R;; of the trans-
mitting coil were determined using Eqs. (15) and (17). For this
purpose, the primary and secondary coils with similar or identical
structures and parameters were considered the most favorable.
Notably, for a restricted receiving coil, the radius RC, should be
as close as possible to that of the transmitting coil. Moreover,
since the resistance of coils is usually small, R;; is generally high-
er than the resistance of the source and the compensation capaci-
tor. Therefore, it is included in Z;. However, resistance R;, of
the receiving coil is usually ignored. Additionally, to reduce losses,
the influence of the skin effect should be weakened as much as
possible. The optimal pitch d, was selected based on f. Subse-
quently, based on Eq. (6), the optimal impedance X, was calcu-
lated. The outer radius RC,, turns N, and pitch d,. of the re-
ceiving coil were selected using Eqs. (12), (15), and (17).

When both the primary and secondary sides of an MCM are in
ideal resonance, X, =X, =0, Z, =R;, and Z, = R,. The
effect of self-inductance L, of the receiving coil can be ignored,
since it only needs to satisfy Eq. (6). In such a case, the turns of the
receiving coil can be calculated without accounting for Eq. (15).
As shown in Fig. 4, when the resonance frequency f deviates
from the ideal value—that is, when it is in non-ideal resonance—
an optimal mutual inductance M is present. Therefore, the effects
of the self-inductances of both the transmitting and receiving coils

must be accounted for in the design process shown in Fig. 11.

Table 1. Symbols and their means and structures

Requirements for wireless charging and
limitations on design space

1. Determine wire radius, frequency, load, etc.
2. Determine the self-inductance, resistance, etc. of
transmitting coil according to (15) and (17).
3. Determine the outer radius of receiving coil based on the
limited space.

Determine the optimal pitch range of the receiving coil,
whether the internal resistance of coils is included, etc.

Calculate the optimal mutual inductance (or mutual
inductance) based on equation (6).

Calculate the optimal radius, turns, and pitch according to
(12), (15), and (17), and design the optimal coil structure.

Fig. 11. Design flow of an optimal receiving coil.

V. EXPERIMENTS

Four coils were wound with 0.1 mm x 500 Litz wire, main-
taining a pitch of 5 mm. One of the coils was a transmitting coil,
while the other three were receiving coils. The representative
symbols and corresponding structures are listed in Table 1, while
the physical and electrical parameters of the four coils are shown
in Table 2. Excluding the reserved length of the wire, the total
lengths of the four coils were 2501 cm, 1767 cm, 2107 cm, and
2407 cm. The ratio of wire length to AC resistance was approx-
imately equal, consistent with the theoretical derivation in Eq.
(16). Furthermore, the ratio of self-inductance to the number of
turns was closely aligned with the law depicted in Fig. 8(b). No-
tably, the SS compensation topology was selected. Coils and
corresponding compensation capacitors together formed the

Symbol 7C

RC1 RC2 RC3

Means Transmitting coil

Structure

Wire length of coil (cm) 250m

Optimal transmission distance (cm) -

Receiving coil 1

Receiving coil 1 Receiving coil 3
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transmitter and the different receivers, ultimately generating
different MCMs. The representative symbols and meanings of
the transmitter, receivers, and MCMs are presented in Table 3.

The resonant frequency was selected as 85 kHz. A vector
analyzer (TH2826) was employed to perform the impedance
characteristics. The sweep frequency range was 50 kHz-150
kHz. Notably, compensation capacitances of the transmitter
and receivers were adjusted to meet the reactance X of 0 in
frequency f = 85 kHz. Fig. 12 traces the variations in X and
resistance R with f.Itis evident that X increases continuous-
ly with an increase in f, changing from negative (capacitive) to
positive (inductive). Notably, compensation capacitor banks are
composed of standard capacitors (with certain errors). Table 2
presents the actual compensation capacitances calculated. Due
to the parasitic capacitances of the coils, the actual compensa-
tion capacitances were slightly lower than those calculated based
on resonance. Furthermore, the resistances of the transmitter
and receivers were approximately the sum of those of the coils
and the corresponding capacitors.

This study constructed three MCMs, as shown in Table 3.
Fig. 13 presents the variation in mutual inductance M with
transmission distance D when the transmitting and receiving
coils face each other. It is observed that as D increases, M
continues to decrease—first fast and then slow. Furthermore,
the more turns the receiving coil has, the greater the M of the
MCM that it forms. This result is consistent with the theoreti-
cal analysis, thus verifying that in a limited space (that is, the

Table 2. Physical and electrical parameters of MCM

7C RC1 RC2 R(3

radius of coils remains unchanged), the adjustment of turns can
ensure that the same M at different D.

Under ideal resonant conditions, the load R; remained con-
stant, but the transmission distances D of the MCMs changed
(essentially, the change in mutual inductance M in Fig. 13).
Furthermore, Fig. 14 shows the variations in output power
P,y and transmission efficiency 7 with the transmission dis-
tance D. It is evident that the trends of all three MCMs are the
same. As D increases, P,,; increases at first and then declines.
1 shows a continuous downward trend. Furthermore, the more
the turns of the receiving coil, the greater the 1. All three
MCMs achieved maximum P,,; at 1 of around 50%. How-
ever, the optimal D corresponding to the maximum P,,; was
different—25 cm, 27 cm, and 28 cm for the three MCMs.

To achieve maximum output power Py, Eq. (6) had to be
met. At ideal resonance frequency fy, the primary impedance
Z, refers to the sum of the resistances of the coil and compensa-
tion capacitor, which showed almost no change. Meanwhile, the
secondary impedance Z, includes the resistances of the coil,
compensation capacitor, and load. Usually, the resistance R, of
a load is significantly greater than that of the receiver, with Z,
being approximately equal to R . Notably, the transmission dis-
tances D corresponding to the three images are found to be 25
cm, 27 cm, and 28 cm, representing the optimal D correspond-
ing to the different MCMs. The three curves in Fig. 15 corre-
spond to the Py, and n of the three MCMs. Their variations
are almost identical to Fig. 14. As R, increases, Py, increases
at first and then decreases, while 1 shows a continuous decreas-

Table 3. Symbols and their means

Radius (mm) 150 130 130 130
Turns 10 8 10 12
Pitch (mm) 5 5 5 5
Self-inductive (WH) 38.55 22.61 30.27 37.52
Compensation capacitor ~ 88.68 153.86  113.88 92.71
(nF)

1.2 30

e
o

' 1 - [Ix —& X
1 - Ru R—X

Resistance (Q)
(=]
N
(=]
Reactance (Q)

03 | RX2 ——R x|]-15
3 - |RXS —R—X
0.0 ‘ ‘ |-30
60 90 120 150
Frequency (kHz)

Fig. 12. The impedance and resistance varying with frequency.

Symbol Means
TX, RX1,RX2, RX3 TC, RC1, RC2, RC3 and their corresponding

compensation capacitances

MCM1 MCM composed of 72X and RX1
MCM2 MCM composed of 72X and RX2
MCM3 MCM composed of 72X and RX3
8 : :
—s— MCMI
ohoi R MM ||

—— MCM3

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

14 21 28 35
Distance (cm)
Fig. 13. Mutual inductance varying with transmission distance.
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Fig. 14. Variations in output power and transmission efficiency with
transmission distance.

ing trend. Furthermore, the more the turns of the receiving coil,
the greater the corresponding optimal R;. Also, the farther the
D, the smaller the corresponding optimal R;. Moreover, the
three pictures shown in Fig. 15 indicate that the MCMs corre-
sponding to the maximum P, are MCMI, MCM2, and
MCM3. This implies that the change in R, does not affect the
optimal D corresponding to the different MCMs.

Under non-ideal resonance conditions, frequency f tends to
have an impact on mutual inductance reactance Xj;, primary

impedance Z; and secondary impedance Z,. In theory, as long
as Eq. (6) is satisfied, WPT can extract the maximum output
power P,,.. Fig. 16 presents the variation in output power
Py, and transmission efficiency n with f when the mutual
inductance M and load R; are constant. Notably, the trans-
mission distances D corresponding to three images remains 25
cm, 27 cm, and 28 cm. However, as f increases, Py, and 1
first show an increasing trend that ultimately becomes a de-
creasing trend. The maximum values are achieved around the
ideal resonant frequency f = f,. However, the rate of change
in Py, is considerably higher than 7. Notably, similar to the
influence of R; on the maximum P,,;, f does not influence
the optimal D corresponding to the different MCMs.

In obtaining the above experimental results using different
MCMs, the transmitting coil remained the same. The outer
radiuses of the receiving coils were also the same. Furthermore,
even when the transmission distance D, load R;, and frequency
f changed, there was always an optimal MCM that was able to
obtain the maximum output power P,y ¢.mayx- 1he only variable
for this optimal MCM was the turns N, of receiving coil. This
result verifies the feasibility of taking recourse to the adjustment
of turns to achieve maximum output power for MCMs with
different primary and secondary coils at a specific position.

Out pow —=— MCM] —o— MCM2 —*
Tra eff —s—MCM] —e—MCM2 —=

MCM3
MCM3

Out pow —=— MCMI

.
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Fig. 15. Output power and transmission efficiency varying with load: (a) transmission distance is 25 cm, (b) transmission distance is 27 cm, and (c)
transmission distance is 28 cm.
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VI. CONCLUSION

This paper presents an optimal design method for achieving
the maximum output power from MCMs using different prima-
ry and secondary coils. Detailed analyses were conducted on the
impact and variation of the physical parameters on the electrical
characteristics. Considering a confined space, the maximum
power output for a specific transmission distance was achieved by
optimizing the structural parameters of the coil. A design process
for this optimal coil was also summarized. Three different
MCMs were built, and relevant experiments were conducted on
a 1 kW experiment platform. The differences between the best
mutual inductances corresponding to the maximum output pow-
er were verified at different transmission distances, loads, and
resonance frequencies. Notably, the results were found to be con-
sistent with those of the simulations and theories, thus verifying

the feasibility of the proposed optimal method.
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