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Abstract—With the development of electric vehicles and con-
sumer electronics, wireless power transfer (WPT) is becoming a
popular technology. Recently, magnetic resonant coupling has been
considered to be the most effective and attractive WPT approach,
and the two-coil structure is the most widely used for magnetic
resonant coupling. It has been recently reported that the system’s
energy efficiency can be improved by a three-coil structure. In
this paper, the three-coil structure is compared with the two-coil
structure based on circuit theory. Simplified circuit models of the
two- and three-coil structures are proposed to give a more intuitive
and comprehensive analysis of the energy efficiency differences be-
tween the two structures. With the simplified model, the condition
for a three-coil structure obtaining higher energy efficiency over
its two-coil counterpart is derived, and the analysis shows that the
WPT system with higher energy efficiency within a wider range of
loads can be achieved by properly designed three-coil systems. Ad-
ditionally, it also shows that the three-coil system has the significant
advantage of reducing the current stress and the electromagnetic
field emission that is caused by misalignments. The theoretical
analysis is confirmed by both simulation and experimental results.

Index Terms—Energy efficiency, load variation, misalignment,
resonators, wireless power transfer.

1. INTRODUCTION

ITH the advantages of safety and convenience, wireless
W power transfer (WPT) technology shows great poten-
tial for applications in electric vehicles [1]-[6] and consumer
electronics [7], [8]. Magnetic resonant coupling is currently con-
sidered to be the most effective and attractive WPT approach.
The primary design objectives of magnetic resonant coupling-
based WPT systems are to increase the power transfer capacity
and improve the energy efficiency. Basically, the power transfer
capacity is decided by the resonant frequency, coupling coef-
ficient and load impedance of the system, and the energy ef-
ficiency is affected by losses from power electronics, the iron
core, and equivalent series resistances (ESRs) of resonators. In
general, impedance matching is most widely used to maximize
the transfer power. Impedance matching is a common practice in
many radio frequency circuit designs, which occurs when the in-
put resistance equals the internal resistance of the power source,

Manuscript received November 4, 2015; revised January 2, 2016; accepted
February 3, 2016. Date of publication February 8, 2016; date of current version
September 16, 2016. This paper is an expanded version from the IEEE MTT-S
International Wireless Symposium, Shenzhen, China, Mar. 2015. Recommended
for publication by Associate Editor O. Lucia.

The authors are with the State Key Laboratory of Automobile Simulation
and Control, Jilin University, Changchun 130025, China (e-mail: 506389607 @
qq.com; yuan@jlu.edu.cn; 1158671825 @qq.com; 731655017 @qq.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2016.2526780

but the overall energy efficiency of the impedance matching
WPT system is limited to below 50% [9]-[11]. To improve the
transfer energy efficiency, soft switching, GaN, or SiC power
devices are adopted to reduce the losses in the power electron-
ics; using lower resonant frequencies is another approach to
lowering the losses of power electronics and the iron core; and
Litz wires and film capacitors are chosen for their low ESR
properties.

An additional control variable or system component is needed
to further improve the WPT system’s characteristics. Maximum
energy efficiency tracking is realized by adjusting the input volt-
age or/and the output voltage using power converters [12]-[15].
Relays are designed to select capacitors and/or coils to be con-
nected to the resonant circuits to improve the energy efficiency
against system parameter variations [16]-[18]. By tuning the
operating frequency, the power transfer capacity can be maxi-
mized in the over-coupled region to reduce the influence of the
frequency splitting phenomena [19], [20]. Typical additional
components are additional coils in the power transfer path. The
source coil (also called driving coil) and load coil in the four-
coil structure are the most widely used components to improve
the power transfer capacity, because impedance matching can
be achieved by tuning the parameters of these additional coils
[21], [22]. With the relay resonators (also referred to as domino
resonator, intermediate coils, or repeater) placed at optimum po-
sitions, the overall WPT distance and energy efficiency can be
substantially increased [23]-[27]. The limitation of this struc-
ture is that relay resonators require positions at which they are
to be fixed, which should be between the transmitter coil and
receiving coil.

A three-coil structure is a special case of having an additional
component for a WPT system. An additional resonator is added
to either the transmitter or the receiver, which can be placed on
the same plane as the transmitter/receiving coil or only adjacent
to the transmitter/receiving coil. The additional resonator in a
three-coil structure is different from the relay resonator because
it does not use the space between the transmitter coil and re-
ceiving coil. For example, in the electric vehicle WPT system,
an additional source coil is added to the transmitter, as shown in
Fig. 1, the transmission distance (distance between transmitter
coil and receiving coil) is fixed, and relay resonators are not al-
lowed between the transmitter coil and receiving coil. However,
the additional source coil can also be beneficial for the WPT
efficiency.

In three-coil structures, the additional coil placed in the trans-
mitter or receiver is different. If the additional coil is placed in
the receiver, the load impedance can be reflected to obtain an
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optimal value by adjusting the coupling coefficient of the ad-
ditional coil and receiving coil, which achieves both arbitrary
load impedance to the optimal value and high power delivered
to the load. An in-depth comparative analysis of this structure
has been given in [28]. In contrast, the additional coil has been
placed in the transmitter in recent years; it is found that this
structure can further improve the energy efficiency of the WPT
system [29]-[32]. The physical background of the latter struc-
ture is that the source impedance can be converted to be smaller
by the additional coil or the input impedance can be converted to
be larger, and therefore, the total energy efficiency of the system
is increased. In this paper, only the latter structure is discussed.

In addition to the energy efficiency optimization, the design
of the WPT system also requires consideration of the tolerances
of system parameter variations, the load variations, and the mis-
alignment and electromagnetic field (EMF) emission [33], [34].
Most previous studies of the three-coil system focus only on
the system’s energy efficiency; the energy efficiency tolerances
of the transfer distance variation, the load variation, and coil
misalignments have been scarcely discussed. A primary rea-
son for the lack of these discussions is that the expression of
the system efficiency is too complex to analyze and the nu-
merical and experimental results are difficult to generalize. In
[29], the energy efficiency and EMF emission characteristics of
the three-coil structure is discussed and experimentally tested,
but the conditions under which the three-coil structure obtains
energy efficiency benefits were not given, and the conclusions
have not been strictly proven. Additionally, in [29], limited by
the mechanical structure, the distance between the source coil
and transmitter coil cannot be reduced to small values, but a
strong coupling of the source coil and transmitter coil is found
to be a very important operating condition for the three-coil
structures. In this paper, to provide in depth insight into the
system characteristics of the three-coil structure, simplified cir-
cuit models are proposed to compare the three-coil structure
and the two-coil structure. Based on the simplified models, the
conditions under which the three-coil structure obtains a higher
energy efficiency than its two-coil counterpart are derived, and
it is proven that the efficiency stiffness against the load variation
around the maximum efficiency point can be improved by the
three-coil structure. Finally, the trends in the variations of the
currents of the two structures when the coils are misaligned are
derived. It is found that the three-coil system shows great ben-
efit in preventing the current stress and EMF emissions that are
induced by coil misalignments. With our experimental setup,
the distance between the source coil and transmitter coil can be
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Fig. 2. Structures of two-coil and three-coil systems. (a) Two-coil system.
(b) Three-coil system.

continuously adjusted from 0 to 30 mm, and the misalignments
of the transmitter coil and receiving coil can be continuously
adjusted from O to 40 mm. Therefore, the characteristics of the
two- and three-coil structures can be extensively tested, and both
the simulation and experimental results are provided to confirm
key analytical results.

This paper is organized as follows. In Section II, the ba-
sic circuit models of the two- and three-coil systems are de-
scribed. The analysis and comparison of the two- and three-coil
structures are presented based on simplified circuit models in
Section III. The results of the analysis are simulated and exper-
imentally validated in Section IV. Finally, Section V contains
some concluding remarks.

II. CIRCUIT MODEL

The common two- and three-coil structures for WPT systems
are illustrated in Fig. 2. The only difference between the two
structures is the additional source coil of the three-coil system in
Fig. 2(b). The source coil is always placed on the same plane as
the transmitter coil, but for general analysis, the distance of dj;
is used to adjust the mutual inductance between the source coil
and transmitter coil. For midrange coupling conditions, it has
been proven that both coupled-mode theory and circuit theory
basically result in the same set of equations in the steady state
and that either method can be applied [35]-[37]. Circuit theory
is used in this paper. The equivalent circuits of the two structures
are shown in Fig. 3, where the subscripts 0, 1, and 2 denote the
source coil, transmitter coil, and receiving coil, respectively, L
is the inductance of the coil, C'is the resonant capacitance series
connected to the coils, M is the mutual inductance, R is the ESR
in the circuit, U is the voltage phasor, I is the current phasor,
Ry is the load resistance, P; is the input power, P, is the output
power, R, is the internal resistance of the power source, and R,
is the input impedance of the circuit at the resonance frequency
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Fig. 3. Equivalent circuits of two-coil and three-coil systems. (a) Two-coil
system. (b) Three-coil system.

wp. Because the size of the source coil is small, R is assumed
to be negligible compared with R;.

The circuit equations of the two-coil structure at the resonance
frequency are the following:

Us - (Rs + Rl)Il —ijMlg:[g (1)
JwoMioly = (Re + Rp)Is. 2)
Using (2), the current of the receiving coil can be expressed as

Jwo My

ILh=———"I,. 3
2T TRV 3)
Substituting (3) into (1), the input power can be calculated by
wi M?
P¥* =Re(U,];) = (R, + R + -2 ) |,”. 4
i e (U.L) ( +1+RQ+RL‘1| 4)
The output power can be calculated by
wi M?
P} =Ry L’ = Ry —= =2 [L|". 5)
(Ry + Rp)
The power transfer efficiency can be obtained as
P 1
c = < - = 6
" PiQC a?(:RL + ?{Lr + Coc ( )

where subscript 2¢ denotes the two-coil system, and a, b, and
c are parameters that are defined in Table 1. From (6), the opti-
mal load condition for the maximum energy efficiency can be

expressed as
opts b‘c
RPe = [ (7)
a2

Similar to the two-coil structure, the circuit equations of the
three-coil structure at the resonance frequency are

U,,. = RSIO — jw0M0111 +jo.)0]\/[0212 (8)
—jwo My Iy = Ri1; — jwyMioIs )
JwoMioIy + jwoMoaIy = (Ro + Rp)Is. (10)

The currents of the transmitter coil and receiving coil can be
expressed as

—jwoMo1 (Ry + Ryp) — wi Moo Mo
Ry (Ry + Rp) + wi M2,
wi Mo1 Mys + jwo Moo Ry

I, = Io.
> Ry (Ry+ Rp) + iM%

I = I, D

(12)

In (11) and (12), using the parameters of our experimental setup
in Table III, the terms with Mj, are approximately two orders
of magnitude smaller than the other terms in the numerators;
therefore, the effect of My, is neglected in this study, and (11)
and (12) are simplified as

_,j(-‘-)OMOl (RQ + RL)

I, = I
"7 Ry (Ro + Ryp) + wi ME, !

I — wi Moy Mo I
7 Ry (Ra+Rp)+w2Mz, "

(13)

(14)

However, because M, brings an imaginary part into (12), the
resonant characteristics of the WPT system are changed. It has
been reported that the cross-coupling effects of nonadjacent res-
onators would cause the maximum efficiency operation to shift
away slightly from the resonance frequency in domino-resonator
systems [24], and the source coil could induce a bifurcation phe-
nomenon in the three-coil system [30]; therefore, if M, cannot
be neglected, then the operating frequency is an important factor
for the three-coil system.

Substituting (13) into (8), the input power can be calculated
by

w(Q)MOQl (R2 + RL) ) |IO|2-
Ry (Ry + Rp) + wi M3,
(1

PP = Re (U,I,) = <Rs +

Using (14), the output power can be calculated by
wo Mgy M7y
(R1 (Re + Ryp) + wiMy)

P3 = R, |LL|* = Ry S Lo

(16)

Then, the power transfer efficiency of the three-coil system can
be derived from (15) and (16) as

p3e B 1

o
Me = H3c = Dae
BPC ageRp + g5 + s

7)

where subscript 3¢ denotes the three-coil system, and a, b, and ¢
are parameters that are defined in Table I. Similarly, the optimal
load condition for maximum energy efficiency operation of the
three-coil system is

Ropt;; . b3 c
I = .
a3c

(18)

Fortunately, (17) and (18) have the same form as (6) and (7),
which shows that the additional source coil only increases the
complexity of the parameter expressions of a, b, and ¢ but
does not increase the order of the energy efficiency expres-
sions. Therefore, the analysis of the different coil structures can
simply focus on the variations of these parameters.
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TABLE I
EXPRESSIONS OF THE TWO- AND THREE-COIL SYSTEMS AT THE RESONANCE FREQUENCY

Two-coil system (2c)

Three-coil system (3c)

wi M3,
Ry + Ry
R, + R,
w2 M%,

Ry +

wi Mg, (B2 + Ry)
Ry (Ry + Rp) + wi M7,
Ri(RsRy +w}M§,)
WSM& ]V[122

(R1R2 +w(2)]\/[122)(RgR1R2 +w§M122Rg +UJ§]\{021R2)

(R + R)R,
b ——+1
’ ( w§ M, )t

2(R, + R1)R,

a2 A2
wo Mg, M7,

(RyRy + wiME ) (Ri Ry + wi M%) + Ry (R Ry Ry + w3 MY, Ry + wi ME R»)

- 1
AME,

wi M3 M2,

R,

(R Ry + wi M%) (R, Ry Ry + w2 M% R, + w2 M Ry)

((Rs + Ry) Ry + wi M?,)

/

opt
RL \/Rs + Rl

Ry (R Ry + wiMg,)

III. CIRCUIT ANALYSIS

The expressions in Table I are complex and very difficult
to understand. Consequently, a simplification method for the
expressions in Table I is proposed in this section. Based on
the simplified expressions, the essential differences between the
two- and three-coil structures are discussed.

A. Simplification

When the source internal resistance R = 0, the expressions
of a,b, c,and R in the different columns in Table I reduce to the
same expressions and, thus, the differences between the energy
efficiencies of the two- and three-coil systems come from the
internal resistance of the power source, which indicates that the
differences in the energy efficiencies between the two- and three-
coil systems become more obvious as the source impedance
increases, and this conclusion is consistent with previous studies
[31], [32].

When R is not negligible, because the ESRs of the coils (R;
and R,) and the internal resistance of the power source (R;) are
relatively small, the following relationship is assumed:

R.Ry < wiME,

RiRy < wi M7,
RyRy < wjM7,.

19)
(20)
2y

Because R is series connected with R; and the energy is
expected to be transferred to Ry, we assume

Ry < Rp. (22)
Then, the expressions in Table I can be simplified to the expres-
sions in Table II. Compared with the expressions in Table I, the
simplified expressions are much more clear and intrinsic. For
example, it is difficult to compare the energy efficiency expres-

sion parameters in Table I, especially for the three-coil system,
but with our simplification, the following inequalities can be

TABLE 11
SIMPLIFIED EXPRESSIONS OF THE TWO- AND THREE-COIL SYSTEM AT THE
RESONANCE FREQUENCY

Two-coil system (2c) Three-coil system (3c)

R, R, 4 “0Mb Agﬁﬁ
Ry Ry + Mio
w% Ry
“ R, + Ry Ry
wp M7, wp M7,
M2 R,
b R 122" R
’ M2, i
c 1 1
Ry 1 M2
R™ Mgy ——— My — (| R 2R,
L wo M2 R. + Ry wo 12\/R1 < 2 + Mo21

easily obtained

age > aze (23)
b20 < a3c (24’)
Coe = C3¢ = 1 (25)

and the differences in the above parameters for the two structures
are caused by R;.

To verify the simplification method, the efficiency charac-
teristics and the input impedance of the two- and three-coil
systems are calculated by MATLAB using the expressions in
Tables I and II, respectively. The values of the parameters used
in the simulation are from our experimental system, which are
shown in Table III. The results of the simulation are presented
in Fig. 4. In these figures, both the energy efficiency and the
input impedance of the simplified model match the trends of the
original model well, but there is a 5% error approximately that
is caused by the simplification. Nevertheless, the shapes of the
simplified curves are not changed, and the shifting of the simpli-
fied curves of the two- and three-coil systems are approximately
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TABLE III
PARAMETERS OF THE COILS USED IN EXPERIMENTS

Ry 0.4 Ly 16.2 nH (&5 334 nF M;5(62 mm) 0.81 pH
Ry 0.8 Ly 16.2 nH Cy 3.34 nF M1 (0 mm) 1.50 pH
R, 0320 Ly 1.53 pH Cy 354 nF M2 (0 mm) 0.094 pH
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Fig. 4. Simulated energy efficiencies and input impedances of the two- and
three-coil systems using original and simplified models. (a) Two-coil system.
(b) Three-coil system.

the same; therefore, it is feasible to use the simplified models to
obtain the dominant characteristics and the design guidelines of
the two- and three-coil systems. Thereafter, the original com-
plete circuit model can be used for detailed circuit simulation
and optimization. In general, the ESRs and the source internal
resistance of the WPT system become relatively small while the
transfer power increases and, thus, the errors of the simplified
model become smaller in higher power systems.

B. Maximum Energy Efficiency

It has been reported that specified conditions are required for
the efficiency of the three-coil system to be higher than that
of the two-coil system [31], [32], but those conditions are de-
rived from complete system equations; therefore, they are rather
complex and difficult to apply in practical system design. With
the simplified energy efficiency expressions, a much simpler
condition can be derived. Substituting (7) into (6), the maxi-
mum energy efficiency of the two- or three-coil systems can be

expressed as

1
e = (26)
! 2vab+ ¢
Using the expressions in Table II, we have
f 1
e 2 — (27)
2 §+ 2l RQ + 1
wi M7,
1
max .
e = M7, R AMG Ry 1' (28)

If the maximum efficiency of the three-coil system is higher
than that of the two-coil system, the energy efficiencies can be
expressed as

max - pmax
2¢

T3¢ (29)

Substituting (27) and (28) into (29), the specified condition
required for the efficiency of the three-coil system to be higher
than its two-coil counterpart can be derived as

M2 Ry > M} R,. (30)

This inequality indicates that the three-coil system improves
the maximum energy efficiency when the source coil is close
enough to the transmitter coil and/or the transmitter coil and
receiving coil are weakly coupled. This conclusion is consistent
with previous studies [31], [32], [38], but it is much simpler
and easier to apply. Using (30), with estimated ESRs, using the
mutual inductances of the coils and using the energy transfer
distance requirement, it is possible to decide whether the three-
coil structure has an advantage over its two-coil counterpart.
Equation (30) is easy to satisfy in general practice because My,
can be increased by placing the source coil close to or on the
same plane as the transmitter coil; at the same time, the equiva-
lent resistance of the rectifier makes Ry larger than R; . To verify
the feasibility of the proposed condition of inequality (30), the
maximum energy efficiencies of the two- and three-coil systems
with parameter variations are compared. Itis very difficult to find
the analytical solution of the complete model using the expres-
sions in Table I; therefore, numerical solutions of the maximum
energy efficiencies with the Mo and Mj; variations are cal-
culated in MATLAB, and the ratios of (M¢, Ry)/(M}, Ry) are
set to be from 0.2 to 1.8 by different mutual inductances. The
simulation results are shown in Fig. 5. The simulation results
show that when M, increases, the maximum energy efficiency
of the two-coil system increases faster than that of the three-
coil system and becomes larger than its three-coil counterpart
when (M3 Ry)/(M?yRy) > 1. When My, decreases, the max-
imum energy efficiency of the three-coil system decreases, but
the energy efficiency of the two-coil system stays constant and,
consequently, becomes larger compared with the three-coil sys-
tem when (Mg, Ry)/(M% R1) > 1. A most important feature
in these results is that the critical conditions of the efficiency of
the two- and three-coil systems are very close, approximately
(M}, Ry)/(ME, Ry) = 1, which shows the feasibility of the pro-
posed condition of inequality (30).
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Fig. 5. Comparison of maximum energy efficiency with parameter variation.

C. Energy Efficiency Stiffness

Considering the tolerance of the system, the stiffness of the
energy efficiency against the load variation is also compared.
Because the energy efficiency expressions of the two- and three-
coil systems are in the same form, the partial derivative of the
efficiency with respect to the load resistance of the two structures
can be derived as

on 1 ( b )
=- sla——). 3D
OR. (aRL + 3+ c) R

The maximum energy efficiency is achieved when 9n/0R;, = 0
in the both two- and three-coil structures and, therefore, the
second-order partial derivative of the energy efficiency at
On/OR;, = 0 is calculated

2
2
e
L1 55-=0 R <aRL+%+C> e T
_ Vab 33

. 5<2\/@+c>2-

A comparison of the second-order partial derivative of the en-
ergy efficiency of the two structures around the maximum effi-
ciency points yields

%1y
OR} %:0 B <a26b30) 4v/ascbs. + 7% + 4c
fg}ggr , azcbac 4v/as by + ﬁ +4c
A [T Dae
(34)
From (23) and (24),
Gachse . (35)
a30b2(2

Assuming the energy efficiency of the WPT system is larger
than 50%, substituting (25) into (26) yields

Vab < 0.5¢. (36)
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Fig. 6. Simulation results of the energy efficiencies and the derivatives of the
energy efficiency.

max

Using the condition of n5:** > nyi**, compared with (27) and
(28), we obtain

Vaschse > \/agebs.. 37
Using (36) and (37), the following inequality can be derived

4\/ a3(zb3c + /7(151);[ + 4c

- > 1. (38)
4v/ao. by + Tar + 4c
Substituting (35) and (38) into (34) yields
e 8277;«)
- > - 39)
< OR] ~ OR] )|, _ymes

Equation (39) indicates that the energy efficiency of the two-
coil structure decreases faster than that of the three-coil system
when the load resistance deviates from its optimal value. Fig. 6
illustrates the conclusions above. Both derivatives of the energy
efficiency decrease very fast when Ry is small. When Ry in-
creases, the rate of decrease of the derivatives becomes smaller.
After crossing zero, the decreasing speeds become smaller and
finally tend to zero again. When the derivatives of the energy
efficiency cross zero, the systems achieve their maximum effi-
ciency. At this point, the red curve (two-coil structure) clearly
decreases faster than the pink curve (three-coil structure) and,
therefore, the top area of the energy efficiency curve of the
three-coil structure obtains better stiffness against load varia-
tions than that of the two-coil system. Because most systems
operate around the maximum efficiency point, the above analy-
sis represents the main characteristics of the system’s stiffness.

D. Misalignment

Coil misalignments is likely unavoidable and, therefore, the
efficiency and transfer power impact of the misalignment has
been theoretically analyzed and experimentally tested [33],
[39]-[42]. The system design considerations of the misalign-
ment tolerance have been discussed in two-coil and four-coil
systems [33], [39], but the deterioration of the EMF emission
caused by misalignment and the misalignment effects on the
three-coil system have not been fully addressed. The magnetic
field leakage is approximately proportional to the input cur-
rent of the system, which can be calculated from the input
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Fig. 7. Simulation results of the input impedance variations with mutual
inductance

impedance. When the transmitter coil and the receiving coil
are misaligned, the mutual inductance between the two coils
reduces. From Table II, a decrease in M, leads to a decreased
input impedance of the two-coil system, and the opposite leads
to an increased input impedance in the three-coil system. The
simulation results of the input impedance variation with the
mutual inductance are shown in Fig. 7, where a decrease in
the x-axis values (M;2) corresponds to an increase in the coil
misalignments. The current variations in the two structures with
the coil misalignments can also be calculated from the circuit
model. The current of the transmitter coil for the two-coil system
is
U

(Ro+ B+ 5505 ).

I = (40)

When M5 decreases, I, will increase. If there is no valid re-
ceiving coil placed near the transmitter coil, the source current
will increase to

U,
(Rs + Rl) '
Because R, and R; are small, Ij’oz“ is a very large value. The
current of the receiving coil can be expressed as
U |

R+ Ry !
oy T wolMis

002 _
I =

(41)

2c
|| = (42)
Therefore, if wy Mo is sufficiently large, then when the mis-
alignment increases, the current of the receiving coil increases
at the beginning and, then, will tend to zero. The current of the
source coil for the three-coil system is

U,
(Rs T A R ) ) ‘

I = (43)

(R2+Rp )+w’5 ]\132

When Mo decreases, Iy will decrease. If there is no valid
receiving coil placed near the transmitter coil, then the current
of the source coil will decrease to

10030 _ US
(1’%s —+ fﬁé\ljjl ) '

= (44)

From (19), I5™¢ is much smaller than I7°*¢. Substituting (43)
into (13), the current of the transmitter coil for the three-coil
system can be expressed as

) U]
pel— — Ul (45)
1| Ko Ry + wo Moy
where, K5 is defined as
Ky = T3] Ri(Ry + Ry) +wiMp 46)

B woMoy (R + Ry)
|I:f‘3| also increases when Mo decreases, but the increase in
|I:f‘3 | is very slow. Because K1 must be smaller than 1 to reduce
the equivalent source resistance and R is also small, from (45),
|T3¢| is dominated by wy Mo; . Therefore, |I; | is approximately
constant when M- varies. The maximum value of ‘I%“ ] is
U, U,

= ~ (47)

Ri R M :
—+ w M w
wo Mo, 04101 04¥101

|I?03n

Additionally, based on the assumption of (19), |I7%*¢| is much
smaller than |I7°*¢|. The current of the receiving coil can be
expressed as

| = U, | wi Mo1 My
217 (Ry+ Ry) (RyRy + Wi Mg,) + w2 M%Rs”

From this equation, if M), is sufficiently large, the current of
the receiving coil will also increase and then decrease. However,
because the output power always decreases with the input power
and the load is constant, the current of the receiving coil for
the three-coil structure will always decrease and will tend to
zero. This result means that in most applications, the current
of the receiving coil will not increase when the misalignment
increases because R is small and the term with R in (48) can
be neglected.

The physical background of the above discussion is clear. For
the two-coil structure, when M9 = 0, the transmitter coil is a
pure resistive circuit at resonance frequency. Because the system
is designed with very low resistance, the source current becomes
very large. For the three-coil structure, on the one hand, when
Mo decreases, the equivalent load of the transmitter coil will
decrease. On the other hand, decreased M- leads to an increase
in the input impedance and a decrease in the source current [
and, therefore, the source of the transmitter coil jwy My Iy will
also decrease. Because both the load and source will decrease,
the increase in ’I:f‘i‘ is very slow and is approximately constant.
When M- tends to zero, the source current is approximately
zero, and thus, the voltage drop on the resistor is approximately
zero. Then, the voltage equation in the source loop is

U, = jwoMo1 1.

(48)

(49)

This equation is the same as (47), which means that when the
misalignment is very large, the circuit is purely inductive, and
the energy in the inductor stops the increase in the current of the
transmitter coil. Accordingly, without additional current control
strategies, compared with the two-coil system, the three-coil
system has the significant advantage of reducing the current
stress of each coil, and therefore, it can also suppress the EMF
emission that is caused by misalignments.
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Fig. 8. Experimental setup. (a) Tested coils. (b) Topology of the test circuit.

IV. RESULTS AND DISCUSSION

The experimental setup is shown in Fig. 8. Two 76-mm di-
ameter closely wound circular coils (44-mm inner diameter) are
used as the transmitter coil and receiving coil with a power trans-
fer distance of djo = 62 mm. A 36-mm diameter closely wound
circular coil (24-mm inner diameter) is used as the source coil
with an adjustable distance to the source coil. A Litz wire of
119 0.07 mm is used to fabricate the three coils. The parameters
of the coils are shown in Table III. A KIKUSUI PAN110-10A
is used as the power source. To understand the effect of inter-
nal resistance, an additional 0.2 {2 power film resistor is series
connected in the source loop. An H-bridge inverter circuit is
designed with four N-channel power MOSFETS of IRF3205, and
four Schottky diodes of DSS25 are used in the full bridge recti-
fier circuit. Because it is inefficient to convert power at frequen-
cies above the MHz level using state-of-the art power electronics
devices [1] and the power transfer distance will be significantly
limited for low resonant frequencies, the switching frequency
of our experimental system is selected to be 684 kHz. The effi-
ciency is measured by the output power divided by the supplied
power. The output power and supplied power are obtained by
the measured dc voltages and the dc currents in the circuit.

A comparison of the efficiency between the two- and three-
coil systems is shown in Fig. 9. In this experiment, the dc output
voltage is maintained at 8 V by adjusting the power source, and
therefore, the nonlinear effects of the constant voltage drop of
the diodes are equal for the two structures. The load resistance
is adjusted from a small value to 20 €2. For the three-coil system,
dy1 is set to zero. The simulation results are calculated using the
expressions in Table III, and the equivalent resistances of the
losses from the inverter and rectifier are included in R, and R,,
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Fig. 9. Measured and simulated energy efficiencies of the three-coil and two-
coil systems under different loading conditions.

respectively. The value of the ESR of the rectifier varies with the
output power, which is assumed to be constant in our simulation
and it could cause errors of the simulation results. However,
because the load impedance is large, the errors are small; and
because the output voltages are adjusted to the same value,
the errors will not affect the efficiency comparison of the two
structures. In Fig. 9, the measured and simulated energy efficien-
cies are well matched under different loading conditions, which
verifies the circuit model proposed in Section II. Comparing
the efficiency of the two- and three-coil structures, the maxi-
mum energy efficiency of the three-coil system is much higher
than that of the two-coil system. This finding arises because in
reference to (30), My Re /M2 Ry of this experimental proto-
type is approximately 3.7 and, thus, the maximum efficiency
of the three-coil system shows significant benefit over that of
the two coil system. We neglected R in our simulation, which
should lead to slight overestimation of the simulated energy
efficiency of the three-coil structure. However, the simulation
results match with the experimental results very well, which
shows the feasibility of our assumption. Because R is series
connected with Ry (including the equivalent resistance of the
inverter), a small increase of R can be assumed. Because Ry is
converted to be very small to the transmitter coil by the source
coil, especially when M, is large, Ry is of less importance.
The stiffness of the energy efficiency against the load variation
is verified using the same simulation and experimental results,
but it is plotted differently, as shown in Fig. 10. In this figure, the
x-axis represents the load deviation from the optimal value, and
the y-axis represents the efficiency decline from the maximum
point. The results show that the energy efficiency of the three-
coil system decreases more slowly on both the left and right side
than its two-coil counterpart and, therefore, the energy stiffness
comparison of the two structures is experimentally verified.

As discussed in Section III, inequality (30) describes the con-
dition for which the maximum energy efficiency of the three-coil
system is larger than that of the two-coil system. In our experi-
ments, My is selected to be adjusted to evaluate the efficiency
relationship of the two structures. The adjustment of Mj; is
realized by changing dj;, and the maximum energy efficien-
cies for different values of dj; are recorded. My, for different
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Fig. 10. Measured and simulated efficiency degradation with load variations.

TABLE IV
MUTUAL INDUCTANCES BETWEEN THE SOURCE COIL AND TRANSMITTER COIL

do; (mm) 0 2 4 6 8 10 12 14
Mo, (pH) 150 147 141 132 122 111 101 092
doy (mm) 16 18 20 2 24 26 28 30

Moy (nH) 0.83 0.75 0.67 0.60 0.54 0.49 0.44 0.40
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Fig. 11. Measured and simulated maximum energy efficiencies of the three-
coil and two-coil systems for different d .

values of dj; in the simulation are calculated by the finite-
element analysis (FEA) software ANSYS, and the calculated
values for Mjy; are shown in Table IV. The experimental and
simulation results are shown in Fig. 11. Because the maximum
energy efficiency of the two-coil system has no relationship with
My, it is denoted as a straight line. In Fig. 11, the energy effi-
ciency decreases when dj; decreases, and when dy; is greater
than 20 mm, the energy efficiency of the three-coil system begins
to be lower than that of the two-coil system. Using the param-
eters in Tables III and IV, the critical condition of inequality
(30) is dp1 = 22 mm, therefore, the condition of inequality (30)
is experimentally confirmed. Note that there are some differ-
ences between the measured and simulated results when dy;
is large. This circumstance occurs because the induced volt-
age of the receiving coil decreases when dj; increases, which
causes the nonlinear losses from the rectifier to become signifi-
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Fig. 12.  Measured results under different misalignment conditions. (a) Trans-
fer powers. (b) Currents(calculated).

cant. However, the trends of the measured and simulated results
match well, and a large value for dy; is not used in practical
applications.

To evaluate the effect of misalignment, the receiving coil is
laterally misaligned from O to 40 mm. In this experiment, the
misalignment is adjusted to O mm first, the dc output voltages of
the two structures are adjusted to 8 V, and the output powers are
both 12.9 W. Then, with the supply voltage maintained constant,
the output voltage and output power vary with the misalign-
ments. The experimental results under different misalignments
are shown in Fig. 12(a). Consistent with previously discussed
results, the input power of the two-coil system increases with
the misalignment and achieves 44.9 W when the misalignment
is 40 mm. In contrast, the input power of the three-coil system
decreases with the misalignment and reduced to 8.9 W when the
misalignment is 40 mm. Additionally, when the misalignment
is 40 mm, the energy efficiency of the two-coil system is re-
duced to 35%, while its counterpart is 43%. These results show
that the energy efficiency stiffness against the coil misalign-
ments is also improved by the three-coil structure. Limited by
our experimental resources, the current variations and the EMF
emission of the coils that are caused by misalignment cannot
be directly measured and, therefore, the currents are calculated
based on the experimental measurements, and then, imported
into the FEA models to simulate the induced magnetic fields.
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Fig. 13.  Magnetic field of the three-coil and two-coil systems under different
misalignment conditions. (a) Two-coil system. (b) Three-coil system.

ANSYS is used for the FEA simulation. The currents of the
coils are shown in Fig. 12(b), and the FEA results are shown
in Fig. 13. The calculated currents agree with our analysis very
well. I;¢ maintained at 3.8 A while I?¢ increases very quickly
when the misalignment increases. I3¢ and I3¢ both decrease,
but /. 226 increases. However, from our analysis, . 226 will decrease
if the misalignment further increases. Apparently, the currents
of the three-coil structure are suppressed and the induced mag-
netic fields show similar results. When the misalignments are
0 mm, the magnetic fields of the two systems are similar. How-
ever, when the misalignment is 40 mm, the EMF emission of
the two-coil system is significant, while that of the three-coil
system is suppressed. Although there is no experimental vali-
dation of the simulation results in Fig. 13, the experimentally
measured powers clearly show the physical fundamentals of our
conclusion, and the FEA results can be seen as an illustration of
the EMF emission from the currents. In this scenario, the output
powers of the two structures are adjusted to the same value as
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at the beginning for comparison. Otherwise, if the same supply
voltages are used for comparison, then the EMF emission of the
two-coil structure will be even larger. The reason is that con-
sidering the calculated input impedances in Fig. 4, if the supply
voltages of the two structures are the same, then the power level
of the two-coil structure will be much larger; thus, the EMF
emission will increase proportionally.

V. DISCUSSION AND CONCLUSION

In this paper, the two- and three-coil WPT systems are theo-
retically analyzed and compared based on circuit theory. Sim-
plified models of the two- and three-coil systems are proposed
to evaluate the benefits of the three-coil structure. With the sim-
plified models, the differences between the two- and three-coil
structures become intuitive. The key advantages of the three-coil
system, including the maximum energy efficiency, the energy
efficiency stiffness against load variations and the reduced EMF
emission induced by the coil misalignments are analyzed and
proven. Simulation and experimental results are provided to
confirm the analytical results.

A maximum energy efficiency comparison is the basis of the
comparison of the two structures, and therefore, a simple con-
dition is proposed to give a boundary of the maximum energy
efficiency for the three-coil system that is larger than that for the
two-coil system. This condition indicates that the source coil
should be placed close to the transmitter coil and the three-coil
structure obtained is especially advantageous when the transmit-
ter coil and receiving coil are weakly coupled. Additionally, the
ESRs of the transmitter coil and receiving coil are also important
factors, especially when accounting for the power electronics
losses. It is proven that the energy efficiency of the three-coil
system decreases more slowly when the load resistance deviates
from the optimal value, and therefore, the three-coil system ex-
hibits better energy efficiency stiffness against load variations
around the optimal operating point. Finally, the EMF emis-
sion of the two structures that is induced by misalignment is
discussed. For a constant voltage source supply, with the coil
misalignments increasing, the currents of the two-coil system
tend to be much larger than those of the three-coil system. As a
result, when the coils are misaligned, the EMF emission will be
significantly increased in the two-coil system but maintained or
reduced in the three-coil system.

This paper provides a fundamental analysis to understand the
effect of additional coil in WPT systems, which is simple and
intrinsic. The method is not only applicable to the comparison
of the two- and three-coil system, but it also expected be used
for the design and optimization of other WPT systems with
additional coils. For example, it can be used to find the optimal
distance between the additional coil and primary coil for the
multicoil structures and to find an optimal matching network
(loops and variable capacitors) for the multiloop topologies as
in [18]. It also can be used to evaluate alternative compensation
networks for new WPT systems as in [43] and [44].

The modeling of the nonlinearity of power electronics in
a WPT system is a very challenging issue. In this paper,
we included power electronics losses as constant equivalent
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resistance, and we reduce the effect of the nonlinearity by prop-
erly selecting the experimental conditions for comparison. How-
ever, introducing the nonlinearity of the power electronics into
circuit models could extend the scope of this research and pro-
vide more accurate simulation results for WPT analysis. Our
analysis focuses only on the weakly coupled WPT system oper-
ating at the resonant frequency, and M, is neglected. However,
when d;» decreases, the coupling effect of the source coil and
receiving coil cannot be ignored, and the optimal frequency
of the maximum system efficiency could shift away from the
resonant frequency. Therefore, for mid- and short-range WPT,
comparative analysis of the two- and three-coil structures while
considering the coupling effect of the source coil and receiving
coil and the variations in the operating frequency are also very
interesting topics.
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