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Abstract—This paper presents a method for a reconfigurable
magnetic resonance-coupled wireless power transfer (R-MRC-
WPT) system in order to achieve higher transmission efficiency
under various transmission distance and/or misalignment condi-
tions. Higher efficiency, longer transmission distance, and larger
misalignment tolerance can be achieved with the presented
R-MRC-WPT system when compared to the conventional four-coil
MRC-WPT (C-MRC-WPT) system. The reconfigurability in the
R-MRC-WPT system is achieved by adaptively switching between
different sizes of drive loops and load loops. All drive loops are in
the same plane and all load loops are also in the same plane; this
method does not require mechanical movements of the drive loop
and load loop and does not result in the system volume increase.
Theoretical basis of the method for the R-MRC-WPT system is
derived based on a circuit model and an analytical model. Results
from a proof-of-concept experimental prototype, with transmitter
and receiver coil diameter of 60 cm each, show that the trans-
mission efficiency of the R-MRC-WPT system is higher than the
transmission efficiency of the C-MRC-WPT system and the capac-
itor tuning system for all distances up to 200 cm (~3.3 times the
coil diameter) and for all lateral misalignment values within 60 cm
(one coil diameter).

Index Terms—Frequency splitting, inductive power transfer,
magnetic resonance coupling (MRC), misalignment tolerance, re-
configurable system, transmission efficiency, wireless charging,
wireless power transfer (WPT).

1. INTRODUCTION

IRELESS power transfer (WPT), as a reemerging tech-
W nology, has several promising and potential applications
such as consumer electronics, medical implants, and electric
vehicle (EV) charging [1]-[3]. Electromagnetic-based WPT in-
cludes radiative (far-field) and nonradiative (near-field) meth-
ods. Some radiative WPT systems utilize microwave or laser
beam to transfer power for directive long distance but with very
limited efficiency [4], [5]. Nonradiative inductive WPT (IPT)
can be used to transfer significant amount of power within a
short distance, which is usually less than one coil diameter [3],
[6]-[14]. The IPT system usually employs a two-coil system,
which includes a transmitter coil (Tx) and a receiver coil (Rx).
This usually aims to maximize total system energy efficiency
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(which is referred to as maximum energy efficiency principle in
[15]). The short-range IPT system usually employs ferrite struc-
tures in Tx and Rx to achieve stronger magnetic coupling. It is
able to transmit large amount of power with high total system
energy efficiency up to ~85% to 90%, which makes it suitable
for the applications such as EV charging [3], [7]-[14].

Magnetic resonance coupling, as a special form of induc-
tive coupling, utilizes magnetically coupled resonators (Tx coil
and Rx coil) to transfer power wirelessly [16]-[30]. Magnetic
resonance-coupled wireless power transfer (MRC-WPT) is suit-
able for mid-range low-power applications such as consumer
electronics charging where the transmission distance might be
longer than one Tx coil diameter. MRC-WPT also has advan-
tages in tolerating larger angular and lateral misalignments [17],
[18], [20], [21]. In the mid-range WPT applications, if system
energy efficiency is not the major concern, the maximum power
transfer principle can be adopted in order to maximize the power
delivered to the load and extend the transmission distance at the
expense of the system energy efficiency [15]-[19]. The authors
in [15] discussed the difference between the maximum power
transfer principle and the maximum system energy efficiency
principle and how they are related to WPT systems. Two-coil
WPT systems and four-coil WPT systems are commonly used
in MRC-WPT systems. For both two-coil and four-coil WPT
systems, higher quality factors for both Tx and Rx and stronger
magnetic coupling between Tx and Rx are desired in order to
maintain higher transmission efficiencies within longer trans-
mission distances [16]-[21].

A two-coil MRC-WPT system improves transmission effi-
ciency and/or transmission distance further by optimizing the
series and parallel (shunt) capacitances in the Tx and Rx coils.
Various WPT circuit topologies with different resonant types
such as series—series, series—parallel, parallel-series, and
parallel—parallel have been discussed in the literature [3], [31].
Some literature such as [31] concluded that the use of series-
shunt mixed-resonant coupling for the two-coil WPT system al-
lows better flexibility for optimizing the transmission efficiency
at different distances.

A four-coil MRC-WPT system, which includes a drive loop,
a Tx coil, a Rx coil, and a load loop, has been attracting great
interests since being explored in [16], which shows a four-coil
system with 60-cm diameter for Tx and Rx that can transmit
40 W over a distance of 2 m. For this later system, the Tx
coil to Rx coil transmission efficiency is 40% and the total
system energy efficiency is 15%. In four-coil systems, the Tx
and Rx are usually open-ended self-resonating coils that are
not directly connected to the source and load [15]-[21], and
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they are inductively coupled to a drive-loop and a load-loop that
are connected to source and load, respectively. This is unlike
the case for two-coil systems where Tx and Rx are directly
connected to the source and load circuit. Therefore, when both
Tx and Rx coils operate at resonance and both of them have
the same resonance frequency, a higher quality factor can be
obtained for Tx and Rx in a four-coil system compared to a
two-coil system as explained in [19] and [20]. Meanwhile, the
additional two loop-to-coil coupling factors (drive loop to Tx
coupling factor and Rx to load loop coupling factor) in the
four-coil system provide higher degree of freedom for design
optimization to achieve impedance matching, when compared to
the two-coil system, in order to extend the transmission distance
[15], [32].

In a four-coil MRC-WPT system, as long as the coupling
factor between Tx and Rx (k7 ) exceeds a threshold value (k..),
i.e., Rx is within the overcoupled region, frequency splitting can
exist and nearly constant maximum transmission efficiency can
be maintained [17]-[21]. In [17], a frequency tuning technique
is demonstrated to compensate for the efficiency variation (re-
sulted from frequency splitting) when the transmission distance
and/or Tx to Rx orientation are varied. By doing so, maxi-
mum transmission efficiencies are adaptively tracked. Similar
frequency tuning technique is used in [18] to maintain a high-
efficiency region for a laterally misaligned MRC-WPT system
with various vertical distances between Tx and Rx. Combi-
nation of the frequency tuning and other techniques can further
optimize transmission efficiency and/or extend transmission dis-
tance. Frequency tuning is combined with a variable coupling
technique in [33], which varies the loop-to-coil coupling fac-
tors (drive loop to Tx coil coupling factor and Rx coil to load
loop coupling factor) by varying loop-coil distances (distance
between the drive loop and Tx coil and distance between load
loop and Rx coil). This technique improves transmission ef-
ficiencies within a distance of 100 cm compared with fixed
coupling system. Similarly, [34] varies the loop-coil coupling
factor by rotating the drive loop and load loop around the axis
of the Tx and Rx. This results in improving transmission effi-
ciencies and reducing cross coupling factors (drive loop to load
loop coupling factor, drive loop to Rx coupling factor, and Tx
to load loop coupling factor). However, both techniques (which
are referred to as the mechanical tuning methods in the rest of
this paper) require mechanical movement of the drive loop and
load loop, which increases the system volume and complexity.

This paper presents a method for a reconfigurable R-MRC-
WPT system in order to obtain maximum achievable trans-
mission efficiency under various transmission distance (DIS)
and/or misalignment (MIS) conditions. Higher efficiency, longer
transmission distance, and larger misalignment tolerance can be
achieved with the presented R-MRC-WPT system when com-
pared to the conventional four-coil MRC-WPT (C-MRC-WPT)
system. The reconfigurability in the R-MRC-WPT system is
achieved by adaptively switching between different sizes of
drive loops and load loops. All drive loops are in the same plane
and all load loops are also in the same plane, this method does
not require mechanical movements of the drive loop and load
loop and does not result in system volume increase. The pre-
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Fig. 1. (a) Physical model and (b) simplified circuit model of the R-MRC-
WPT system (i = 1, 2,. .., n).

sented R-MRC-WPT system includes an array of drive loops,
one Tx coil, one Rx coil, and an array of load loops. It adaptively
switches between different system’s configurations and tune the
frequency of operation in order to obtain the maximum trans-
mission efficiencies under various DIS and MIS conditions. The
R-MRC-WPT is different from adding external tuning circuits
such as capacitors and/or inductors to a C-MRC-WPT system
with fixed size of drive/load loop. This is because external tun-
ing circuits can only move the system operating point back to
the impedance matching point to achieve the maximum pos-
sible efficiency at a given DIS (or set of conditions) for the
fixed design structure, while switching between different loops
reconfigures the system such that it switches between different
designs or operating/efficiency curves that are more optimized
for different DIS and MIS conditions.

Section II presents the R-MRC-WPT system and derives its
theoretical basis based on an in depth analysis of a circuit model
and an analytical model. Proof-of-concept experimental proto-
type results are presented in Section III. Section IV discusses
the uses of ferrite and litz wire in the R-MRC-WPT system and
the conclusion is given in Section V.

II. PROPOSED RECONFIGURABLE MRC-WPT SYSTEM
A. R-MRC-WPT System

Fig. 1(a) illustrates the physical model of the R-MRC-WPT
system. The system includes an array of drive loops with n sep-
arate single loops (from DL_1 to DL_n) placed in the same
plane, a Tx coil, a Rx coil, and an array of load loops with n
separate single loops (from LL_1 to LL_n) placed in the same
plane. There is a switch array attached to the drive-loop ar-
ray and another switch array attached to the load-loop array. A
controller obtains information from load side and source side
to decide which drive loop and load loop should be turned
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ON (or connected) under a given operating condition such as a
DIS and/or a MIS condition. The decision making is based on
the calculation of transmission efficiency, which is defined as
the load power (P ) divided by the maximum available power
at drive-loop (Py), i.e., P /Py. Py, and P4 are marked on
Fig. 1(b). Note that transmission efficiency is different from the
total system energy efficiency as clarified in [15]. When switch-
ing between different loops using the switch-array, a switch
must be turned ON in order to keep at least one loop connected
before another switch is turned OFF in order to avoid sud-
den interruption of current and power flow thorough the WPT
system.

This paper focuses on the symmetrical system analysis, i.e.,
DLi(i=1,2...,n)atTxside and LL_i ¢ =1,2...,n) at
Rx side are turned ON and OFF simultaneously such that the
radii of the drive and load loops are equal for each configuration.
The configuration of the R-MRC-WPT system when DL_i and
LL_; are turned ON is referred to as Configuration-i. Tx and Rx
are magnetically coupled to the DL_i and LL_i, respectively.
DL_i and LL_;i are connected to the power source and the load,
respectively. Tx and Rx are symmetrical self-resonators (no
external capacitors are connected to them) and they are linked
through magnetically coupled resonances.

The adaptive reconfiguration for the MRC-WPT system is
realized by switching between different loops such that higher
efficiency can be obtained for various transmission ranges and
misalignment conditions (which is explained in detail next).
No mechanical movements are required in the R-MRC-WPT
system. Since all drive loops are in the same plane and all
load loops are in the same plane, the R-MRC-WPT system
does not result in volume increased when compared to the C-
MRC-WPT system. Therefore, the R-MRC-WPT system does
not suffer from the disadvantages of mechanically tuned WPT
systems where mechanical movement is required and volume is
increased.

Fig. 1(b) shows the simplified lumped element circuit model
for the system illustrated in Fig. 1(a), where the capacitors shown
with Tx and Rx coils represent the lumped model of the para-
sitic capacitances in the self-resonating Tx and Rx spiral coils.
DL_i is modeled as an inductor Lp, with a series parasitic
resistor I2,p,. DL_i is connected to an ac voltage source Vs
(with a source resistance Rs) from one side and is inductively
coupled to Tx with a coupling factor of kp, from the other
side. The coupling factor is defined in (1), where M, is the
mutual inductance, and L, and L, are self-inductances. Tx and
Rx are modeled as two separate series LCR resonators. Rx is
coupled with Tx by a coupling factor of ki, which is inversely
proportional to DIS? [16], [17]. The self-resonance frequencies
of two resonators are determined by (2) and the angular res-
onance frequency is defined as w, = 2x f,. Similar to DL_i,
LL_i is modeled as an inductor L, with a series parasitic re-
sistor I,,;,,. LL_i is connected to load R;, from one side and
is inductively coupled to Rx through a coupling factor of kg,
from the other side. No external capacitors are connected to
drive and load loops, and parasitic capacitances of drive and
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B. Circuit Model Analysis

In this section, some important equations for the R-MRC-
WPT system are derived based on the simplified circuit model
as shown in Fig. 1(b). To simplify analysis, all cross couplings
are ignored, only symmetrical system is analyzed, and only
one DL_i and one LL_i are turned ON in each configuration
(configuration-i). Based on this, all circuit model parameters can
be simplified as in (3). The impedance of each loop could then
be expressed as in (4), where Zp_; and Z ; are the impedances
of DL_iand LL_i, respectively. These two impedances are equal
in the symmetrical case and are renamed as Zj,o,; = Zp_ =
Z1 ;. Z7 and Zp are the impedances of Tx and Rx, respectively.
These two impedances are also equal in the symmetrical case
and are renamed as Z,.;; = Zr = Zp. The current in each loop
could be determined as given by (5) by using Kirchhoft’s Voltage
Law. The voltage ratio V7, /Vs as a function of w and krp can
then be solved for as given by (6), where w = 27 f. In (3) to (6),
i=1,2...,n

Rypi =Ry = Risopi,Lpi = Lri = Ligop.i
LT = LR = Lcoil; C(T = CR = C’(:oil (3)
RpT = R[)R = Rcoil; RS =R, =R,
kpri = krri = kici, Mprs = Mppi = Mjc
Zloop,i = ZD,i = ZL,i = Ro + Rloop,i + jWLloop,i
1 “)
Zcoil == ZT = ZR = Rcoil + jWLcoil + -
]WCcoil
Zpi JwMi. 0 0 I,
JwMe Zr —jwMrpg 0 I
0 —JjwMrp ZR JwMei | | I3
0 0 JwMi. 21 I
Vs
0
= (5)
0
0
Vi B
Vg -

-3 2 2
Jw krrki, ; LeonLioop.i Ri

(w2 kZQCchoilLloop,i + Zcoilzloop,i)2 + WQk%R (LcoilZloop,i)2
(6)
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The voltage ratio in (6) can directly be used to calculate the
equivalent Sy scattering parameter (7), which then can be used
in (8) to evaluate the transmission efficiency () for the MRC-
WPT system when source and load impedances are equal [15],
[17], [19]. Mathematical proofs for (7) and (8) are provided in
Appendix 1. The series quality factor of the Tx and Rx coils
is defined by (9). The quality factor of drive/load loop at the
self-resonance frequency of Tx/Rx is defined in (10). In (10) to
(12-3),i=1,2...,n

Sy = 2% (7
n= 18] x 100% (8)
Reoin V Ceoit woReoi1Cooil Reon
©
Quoops o, = ooon: (10)

Ro + Rloop,i ’

Using the same derivation techniques as in [17] and [19],
for configuration-i, the critical coupling factor (k._;), critical
[S21|(]S21]c.:), and transmission efficiency (1) can be de-
rived as given by (11), (12-1), and (12-2), respectively. Note
that k.; is the smallest Tx to Rx coupling factor (krg)
within which the system is able to maintain nearly constant
n.; when configuration-i is selected. In other words, as long as
krr > k., nearly constant 7); can be maintained in the cor-
responding transmission distance DIS_i. When krp > k., the
system operates in the overcoupled region and there exists fre-
quency splitting. When krp = k. _;, the system operates at the
critical coupling point, at which the two resonance frequen-
cies merge into one. When krp < k., the system operates in
the undercoupled region where there is no frequency splitting
anymore. In the undercoupled region, the 7_; quickly decreases
as Rx moves away from Tx. Therefore, a smaller k.; (which
corresponds to a longer DIS_i) and a larger |Sa1]|.; (which
corresponds to a higher 7_;) are desired in order to extend trans-
mission distance with higher transmission efficiencies

by = o 4 i, Gooniflo
h Qcoil o Zloop,i
= g Y 0
Qcoil e LRio T jw
loop i
k? o) ‘R
| 21|(‘,J, kCJjZlO()pJ’/
k2 ‘R 2
s = (leélp> (12:2)
c1“loop-t
2
2 Qcoile
i = |521|c,i = 4
Qeoil Ro Zioop.i + g2t
(12-3)
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Fig. 2. Three-dimensional view of |So1 | as functions of frequency and kp i .
TABLE I
DESIGN EXAMPLE PARAMETER VALUES [17]

Parameters Values Parameters Values

fo I0MHz R,p = R,z = Rioop 0250

Rs =R, =R, 50 Q Qloop 1.25

LT = LR = Lroil 20.0 /J«H kDT = kRL = klr 0.1

Cr =Cpr = Ceonl 12.6pF krr 0<krp <1
R,r = Ryr = Reoit 1Q 8 to 12 MHz

Frequency sweep

Lp =L = Licop 1.0 pH

A 3-D view of |Sy| as functions of frequency and krp is
plotted in Fig. 2 by using the example parameters shown in
Table I, where the x-axis is the frequency, the y-axis is krp
value, and the z-axis is the value of | S21 |. As expected, frequency
splitting is observed in the overcoupled region when k7 p > ke,
within which nearly constant | Sy | value is maintained. With the
decrease of k7R, the two frequency peaks gradually merge into
one at the critical coupling point when krr = k.;. When kg
decreases further with the increase of DIS, | S5, | value decreases
quickly.

It can be observed from (11) and (12-2) that a larger Q.oi
contributes to both a smaller k.; and a larger |So|.;. Based
on this, maximizing the value of )..; can result in increasing
the values of DIS; and 7 ;. Other factors that affect k._; and 7 ;
include k. i, Qioop_i» Zioop.i» and R,. R, is fixed at 50 {2 in this
analysis. Moreover, it can be observed from (4) and (10) that
Zloop.i and Qio0p_; are all directly proportional to the Lioop_i. In
order to clarify the relationship between the physical dimensions
of drive/load loop and Ligop i, Kicis ke 1., and DIS;, the
analytical model of the R-MRC-WPT system is derived and
discussed next in this paper.

C. Analytical Model Analysis

The value of the self-inductance of a single conductor loop is
given by (13) [35], where r is the radius of the loop, p, is the
vacuum permeability, p, is the relatively permeability (in the
case of air p, =~ 1), and d is the diameter of the conductor. It
can be observed from (13) that the inductance Lj,;,_; of the ith
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drive/load loop is directly proportional to its radius 7;

Lloop = o HrT |:II’1 <]?n> — 2:| .

However, the relationship between k;.; and r; is not eas-
ily observable because when varying r;, both self-inductance
Lioop_i and mutual inductance M;. ; change. In order to study
how k;._; varies as a function of r;, an analytical model of %;._;
as a function of r; is derived. The mutual inductance of two pla-
nar loops is given by (14) based on Neumann’s equation [36],
where r; and 79 are radii of two different loops, respectively,
and £ is the distance between the two loops

13)

2.2
Lo TTriTs 15 2 315 o
M= 1 —
2(r? + 13 4 h2)3/2 < HE R
(14-1)
v = 2ri7y/(r} 4+ 13 + h?). (14-2)

The multiturn spiral coil can be modeled as concentric loops
and its self-inductance can then be calculated from (15), which
can be used to calculate the inductance of the Tx/Rx coil. In
(15), n is the number of turns and L; is the inductance of jth
turn in the Tx/Rx coil, which can be calculated from (13)

n—1 n
L01l = ZL +2 x Z Z Mab (15)
j=1 a=1b=a+1

The mutual inductance between two coils can be derived as
in (16) [36], where n; and nsy are the number of turns for the
two coils, M,; represents the mutual inductance between the
ath turn of one coil and the bth turn of the other coil. M,; can
be calculated from (14)

(16)

Based on (1) and (13)—(16), k;._; can be expressed as in (17),
where M. ; is the mutual inductance between ith drive/load
loop and Tx/Rx coil, L.y, is the inductance of ith drive/load
loop, n; is the number of turns of the drive/load loop (which is
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Fig. 3.  kj._; as afunction of r;.
TABLE II
PARAMETER SPECIFICATIONS OF THE R-MRC-WPT SYSTEM
Parameters Values Parameters Values
Coil structure Spiral DIS 0-2m
Wire material Copper MIS 0-0.6 m
Rs, Ry 50 Q2 DL_1=2r, 54 cm
Coil turns (Ncoil) 5 DL 2=2r, 48 cm
Dcoil = 2R yter 60 cm DL_3 = 2r_3 44 cm
Pitch 1.5cm DL 4=2r4 38 cm
rcoil 1.3 mm DL_5=2r; 30 cm
rloop 1.3 mm DL_6=2rg 26 cm
Router 30 cm Rinner 24 cm
dlc 5cm - -
equal to 1), and ns is the number of turns of Tx/Rx coil
k _ M, lesi
ledi —
\/ Lloop,i X Lcoil
a= m b=no
_ Doa=1 2p=1 Map
n2 TLz - no
\/Lloopi X ( Lb+2 X Z b=a+1 Mab)
(17)

From (17), k;. ; as a function of r; can be derived as in (18),
as shown at the bottom of the page, where 7} is the radius of the
bth turn of Tx/Rx coil and d,. is the distance between drive/load
loop and Tx/Rx coil.

In order to be able to clearly observe the relationship between
ki.; and r;, k;._; as a function of r; is plotted as shown in Fig. 3
by using the analytical model in (18), where 0 < r; outer radius
of Tx/Rx coil ( = 30 cm) and the other parameters are given
in Table II. It can be observed from Fig. 3 that k;._; is directly

kl(:j =
b=n. riry 15 315
V0 b (1 97 + 35)
- ) v _ ) 2 ’
\/{“0“7‘” [In (%) — 2]} {Z:; popry [In (F5+) — 2] + 230 Y [2(70:7; 7)b3 F (1+ 3370 + 1301204%1;)”

(18)



6062

Fig. 4. (a) Proof-of-concept prototype of the R-MRC-WPT system and (b)
parameter specifications.

proportional to r; when 0 < 7; < 27 cm. When 27 cm < 7; <
30 cm, kj._; drops slightly. It should be noted that 27 cm is
equal to (Router + Rinner)/2, where Royier 1s the outer radius
of the spiral coil and R;, ., is the inner radius of the spiral coil.
Therefore, the maximum theoretical radius of the drive/load
loop which guarantees that k;._; is directly proportional to r; is
Tmax = (Router + Rinner)/2. This leads to the conclusion that
kj._; s directly proportional to r; when 0 < r; < 1y ax.

In addition to the results obtained from the analytical model,
ki._; as a function of r; is also measured from the experimen-
tal prototype by using the inductance aiding method as given
by (19) and the k-compensation method as given by (20) [11].
The mathematical proofs for (19) and (20) are shown in Ap-
pendix II and III, respectively. All of the inductance values in
(19) are measured using the impedance analysis function of the
vector network analyzer (VNA E5061B). When (20) is utilized,
an SMA 100-A signal generator is used to inject a sinusoidal
voltage wave into the coil, a Tektronix P5205 differential probe
is used to measure the open-circuit voltage across the loop ar-
ray, and a Tektronix TCP A300 current probe is used to measure
currents. It can be observed that the experimental measurements
shown in Fig. 3 agree with the results obtained from the analyt-
ical model

Laid.i - (Lcoil + Lloop_i)

Fies = (19)
' 2\/ LcoilLloop_i
‘/200 X IZSC
kici = | 57— 20
fe- Vvloc X Ilsc . ( )
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Fig. 5. Circuit diagram of the four-coil MRC-WPT system using capacitor
tuning (cap-tuning system).

Next, the relationship between k;.; and transmission effi-
ciency (7)) is discussed. 7); is derived as in (12-2). In order to
clearly observe the relationship between k;.; and 7,, (12-2) is
rewritten as (12-3), which shows that 7, is directly proportional
to kj._;. Due to the fact that k;._; is directly proportional to 7;
when 0 < r; < 7yay, 1 18 directly proportional to 7, .

In order to understand the relationship between k;.; and
DIS_j, it is important to recall the definition of the critical
coupling factor k.; given in Section II-B of this section (k._;
is the smallest Tx to Rx coil coupling factor (kpp) within
which the system is able to maintain nearly constant 7, when
configuration-i is selected). Since k7 is inversely proportional
to DIS? [12], [13], a smaller k. ; is desired in order to achieve
a longer DIS_i. It can be observed from (11) that k;.; is di-
rectly proportional to k._;, and therefore, a smaller k;._; results
in a longer DIS_i. Due to the fact that both k;.; and Liyoyp
are directly proportional to r;, a smaller r; results in a longer
transmission distance DIS_i.

It can be concluded from the analytical model analysis that 7;
is directly proportional to n; but inversely proportional to DIS_i.
Therefore, by switching between different configurations, i.e.,
different sizes of drive/load loops, higher transmission efficiency
can be achieved for different ranges of distances.

III. PROOF-OF-CONCEPT EXPERIMENTAL PROTOTYPE RESULTS

A. System Descriptions

A proof—of-concept experimental prototype [see Fig. 4(a)] is
developed to study and validate the presented method of the
R-MRC-WPT system and to obtain preliminary experimental
results. The prototype parameter specifications are shown in
Fig. 4(b) and Table II. There are six drive loops in the drive
loop array and six corresponding load loops in the load loop
array. Each drive loop and its corresponding load loop are equal
in size and similar in design (symmetrical system). The drive
loop array and the load loop array are connected to two separate
switch arrays which are able to turn ON one drive loop and
a corresponding load loop at the same time. BNC connectors
provide interfaces to the external circuits. A vector network
analyzer (VNA E5061B) is used for measuring the transmission
efficiencies of the R-MRC-WPT system under various distances
and misalignment conditions. Configuration-i is abbreviated as
Config-i in the rest of this paper, where : = 1,2,...,6.

In the next two sections, the R-MRC-WPT system perfor-
mance is evaluated by obtaining experimental measurements
and is compared to a C-MRC-WPT system [where there exists
only DL._2 and LL_2 in the system of Fig. 1(a)] and another
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Fig. 6.

system using the capacitor tuning matrix (where there exists
only DL_2 and LL_2 as well), which is abbreviated as cap-
tuning system (see Fig. 5) in the rest of this paper.

B. DIS Variation

In this section, the presented experimental measurements and
comparisons are for when MIS = 0 and DIS is changing from

(b-5) DIS = 60cm, Config-5

(b-6) DIS = 60cm, Config-6

[S91 ] as a function of frequency at (a) DIS = 30 cm and (b) DIS = 60 cm.

0 to 2 m with 10-cm steps. Transmission efficiencies of the
R-MRC-WPT system when selecting different configurations
(from config-1 to config-6) are calculated based on (8) from
measured data using VNA. Fig. 6 shows selected measurement
results when DIS = 30 cm [see Fig. 6(a)] and DIS = 60 cm [see
Fig. 6(b)]. It can be observed that when DIS = 30 cm, frequency
splitting exists in all six configurations. The peak value of |So1 |
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Fig. 7. Transmission efficiency as a function of DIS when Tx and Rx are

perfectly aligned. (a) Transmission efficiency under different configurations
and (b) transmission efficiency curves for the C-MRC-WPT, R-MRC-WPT, and
cap-tuning systems.

decreases gradually from 0.95 to 0.68 as the configuration is
changed from config-1 to config-6. Therefore, config-1 has the
highest efficiency at DIS = 30 cm compared to the other con-
figurations. When DIS = 60 cm, there is no frequency splitting
in config-1, config-2, and config-3, while there exists frequency
splitting in the rest of the configurations. The value of |So1 | first
increases and then decrease when switching from config-1 to
config-6. The highest efficiency for DIS = 60 cm is obtained
when using config-3.

Transmission efficiency as a function of the DIS is plotted
in Fig. 7. It can be observed from Fig. 7(a) that config-1 yields
the highest efficiency (~90%) for the short distance range of
0-50 cm. Config-2 yields the highest efficiency (~75%) for
the range of 50-55 cm. Config-3 yields the highest efficiency
(~65%) for the range of 55-65 cm. Config-4 yields the highest
efficiency (~60%) for the range of 65-70 cm. Config-5 yields
the highest efficiency for the range of 70-110 cm. From 70 to
90 cm, an efficiency value of ~55% is maintained since config-5
is still in the overcoupled region for this distance range. From
90 to 110 cm, efficiency drops from ~55% to ~28% because
the system lies in the undercoupled region for this distance
range. Config-6 yields the highest efficiency for a relatively
long distance range of 110-200 cm and efficiency drops from
~28% at 110 cm to ~4.9% at 200 cm. It can be observed
that each configuration has highest transmission efficiency for
a given distance range and therefore by switching between the
different configurations transmission distance can be extended
with higher efficiency.
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In the R-MRC-WPT system, maximum achievable efficiency
at different DIS values can adaptively be tracked while recon-
figuring the system such that transmission efficiencies within all
DIS ranges are improved. The efficiency curve obtained from
the R-MRC-WPT system is compared to the efficiency curves
obtained from the C-MRC-WPT system and the Cap-tuning
system as shown in Fig. 7(b). It can be observed that the trans-
mission efficiency of the R-MRC-WPT system is the highest
at every point and the transmission efficiency of the cap-tuning
system is the lowest at every point when DIS ranges from 0
to 2 m. When compared to the C-MRC-WPT system at DIS
= 30 cm, the R-MRC-WPT system improves the efficiency by
10.1%. At DIS = 90 cm, efficiency is improved by 34.5%. If one
of the system configurations, for example, config-5, is removed
from the R-MRC-WPT system, system efficiency in the range
of 70 cm < DIS < 90 cm would drop from ~55% to ~40%. In
other words, the larger the number of configurations used, the
higher the transmission efficiency improvement can be obtained
for the DIS ranges.

C. R-MRC-WPT System With Lateral Misalignment

In this section, the presented experimental measurements and
comparisons are for the R-MRC-WPT system when varying
MIS values from 0 to 60 cm with 10-cm steps at fixed DIS of
40 and 50 cm. The transmission efficiency experimental mea-
surement results as a function of the MIS when DIS = 40 cm
are plotted in Fig. 8(a). It can be observed that config-1 yields
the highest efficiency for the MIS range of 0-30 cm. From O to
20 cm, an efficiency value of ~80% is maintained since config-1
operates in the overcoupled region for this MIS range. When Rx
position changes from MIS = 20 cm to MIS = 30 cm while us-
ing config-1, efficiency drops from 80% to 60%. This indicates
that the operation of config-1 moved to the undercoupled region
when MIS > 20 cm. The results obtained as shown in Fig. 8(a)
show that config-2 does not yield to a highest efficiency for any
MIS range. Config-3 yields the highest efficiency for the MIS
range of 30-38 cm. Config-4 yields the highest efficiency for
the range of 38-50 cm. Config-5 yields the highest efficiency
for the range of 50—60 cm. As it is the case for config-2, config-6
does not yield to a highest efficiency for any MIS range. Each of
the other four configurations (config-1, config-3, config-4, and
config-5) provides highest transmission efficiency for a given
range of MIS.

The resulted transmission efficiency curve of the R-MRC-
WPT system is shown in Fig. 8(b), and is compared to the
efficiency curves of the C-MRC-WPT and the cap-tuning sys-
tems. It can be observed that transmission efficiency of the
R-MRC-WPT system is the highest and transmission efficiency
of the cap-tuning system is the lowest. When compared to the
C-MRC-WPT system at MIS = 20 cm, the R-MRC-WPT sys-
tem improves the transmission efficiency by 8.8%. At MIS =
40 cm, transmission efficiency is improved by 9.8%.

Experimental measurements and analysis are also performed
for the case when varying MIS while fixing DIS at 50 cm.
The transmission efficiency as a function of the MIS is plotted
in Fig. 9(a). It can be observed that config-1 does not yield



DANG et al.: RECONFIGURABLE MAGNETIC RESONANCE-COUPLED WIRELESS POWER TRANSFER SYSTEM

100 +—— ————— DIS=40em ——
%0 86.5% = RS ____J—-O—(_'nnﬁglji—

|=de=Config3 |
| ==Config4
=H=Configs

50

=@ Configh

Efficiency (%a)

16%

- 1.32% —

0 10 20 30 40 S0 6i)
MIS (em)

()

90 . DIS=40cm ]
T 4% | | |=#=Cap-Tuning |
_{-I-C-MRC-WPT L]
—|—#=R-MRC-WPT |—

27.8%

S

40 50 60

Efficiency (%)

MIS (em)
(b)

Fig. 8. Transmission efficiency as a function of lateral misalignment (MIS)
when DIS = 40 cm. (a) Transmission efficiency under different configurations
and (b) transmission efficiency curves for the C-MRC-WPT, R-MRC-WPT, and
cap-tuning systems.

highest efficiency for any MIS range. This is because when
DIS = 50 cm and MIS = 0, config-1 already operates in the
undercoupled region and its transmission efficiency drops down
rapidly when DIS and/or MIS further increases. Config-2 yields
the highest efficiency for the MIS range of 0-15 cm. Config-
3 yields the highest efficiency of ~50% for the MIS range of
15-25 cm. Config-4 yields the highest efficiency for the MIS
range of 30-50 cm. Config-5 yields the highest efficiency for
the range of 50-60 cm. As it is the case for config-1, config-6
does not yield the highest efficiency for any MIS range. It can
be observed that each of the other four configurations (config-2,
config-3, config-4, and config-5) can improve the transmission
efficiency for a given range of MIS.

The resulting transmission efficiency curve of the R-MRC-
WPT system is compared to the efficiency curves of the C-
MRC-WPT and the cap-tuning systems in Fig. 9(b). It can be
observed that transmission efficiency of the R-MRC-WPT sys-
tem is the highest and transmission efficiency of the cap-tuning
system is the lowest. When compared with C-MRC-WPT sys-
tem at MIS = 40 cm, the R-MRC-WPT system improves the
transmission efficiency by 10.7%. Similar to the case when DIS
is varied, the larger the number of configurations is, the higher
the transmission efficiency improvement can be obtained for the
MIS ranges.

From efficiency comparisons previously mentioned, it can be
concluded that the cap-tuning system can approach the maxi-
mum possible efficiency only at a given DIS or MIS value for the
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(@) (b)

Fig. 10.  (a) Three-dimensional model of the R-MRC-WPT system with ferrite
structure on Tx side and Rx side, (b) three-dimensional view of ferrite structure,
and (c) cross-sectional view of the Tx side structure.

fixed design structure, while switching between different loops
reconfigures the system such that it switches between different
designs or operating/efficiency curves that are more optimized
for different conditions with higher efficiency values.

IV. ADDITIONAL COMMENTS
A. Use of Ferrite With the R-MRC-WPT System

This section presents preliminary investigation on the use of
the ferrite material in the R-MRC-WPT system by using the
ANSYS HFSS 3-D physical model simulations. Fig. 10 shows
the 3-D model of the R-MRC-WPT system with ferrite structure
used for both the Tx side and the Rx side. The properties of the
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TABLE III
PROPERTIES OF THE FERRITE MATERIAL USED IN THE R-MRC-WPT SYSTEM

Property Value
Material Type 4F1 [37]
Saturation Flux density 0.32T
Resistivity ~10° Q-m
Magnetic Loss Tangent 0.00035
Relative Permeability 300
Relative Permittivity 15
Mass Density 4600 kg/m?
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Fig. 11.  Comparison between transmission efficiency values for the R-MRC-
WPT system with and without ferrite structure for (a) different DIS and
(b) different MIS (with DIS = 40 cm) conditions.

ferrite material used in the simulation are shown in Table III.
Results for transmission efficiency values for the R-MRC-WPT
system with and without ferrite material for different DIS and
MIS (while DIS = 40 cm) conditions are shown in Fig. 11 for
comparison. It can be observed that the R-MRC-WPT system
with and without ferrite has almost the same transmission effi-
ciency for small DIS values (<50 cm) and for small MIS values
(=30 cm). When DIS and MIS increase, the R-MRC-WPT sys-
tem without ferrite has larger transmission efficiency.
However, the results in Fig. 11 do not mean that the ferrite
has no effect on the four-coil MRC-WPT system. For exam-
ple, in Fig. 12(a) and (b), the operation frequency of Config-5
without ferrite (10.34 MHz) is ~2.5 MHz higher than that with
ferrite (8.06 MHz). This is because ferrite has much higher
relative permeability (~300 in this design) than air (~1), and
therefore, effective inductance/mutual inductance values of the
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Fig. 12.  Comparison between transmission efficiency values for the Config-5

(a) without ferrite structure at DIS = 40 cm, (b) with ferrite structure when
DIS = 40 c¢m, and (c) under different DIS conditions.

coils increase and self-resonance frequency of Tx/Rx coil de-
creases according to (2). Transmission efficiencies with and
without ferrite for Config-5 under various DIS conditions are
compared in Fig. 12(c), which shows that the transmission effi-
ciency with ferrite is slightly higher than that without ferrite at
close distance (DIS < 50 cm). When DIS increases, efficiency
of Config-5 without ferrite is higher than that with ferrite. There-
fore, it is possible to increase the transmission efficiency of the
four-coil MRC-WPT system at shorter distances by adding fer-
rite structure while decreasing transmission efficiency at longer
distances.

The use of ferrite structure might achieve larger transmis-
sion efficiency improvement at shorter distances for a two-coil
system [7]-[14]. However, in the R-MRC-WPT system, the
transmission efficiency has already been improved as a result
of reconfiguring the system such that only a smaller improve-
ment can be achieved at shorter distances when using the ferrite
structure.
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B. Use of Litz Wire With the R-MRC-WPT System

The litz wire is designed to reduce the skin effect and prox-
imity effect losses in conductors used at high frequencies. Com-
mercially available litz wires can operate with frequencies up to
2.8 MHz [38]. Even though 2.8 MHz is lower than the operation
frequency of the R-MRC-WPT system presented in this paper
(which is higher than 10 MHz), higher transmission efficiency
might be obtained by using the litz wire. This topic is a candidate
for future investigation.

V. CONCLUSION

The paper presented a method for the R-MRC-WPT system
that adapts the reconfiguration of the four-coil WPT system in
order to improve transmission efficiency under various transmis-
sion distances and misalignment conditions. The reconfigurabil-
ity of the system is realized by adaptively switching between
different sizes of drive loops and load loops, which does not
result in the disadvantages that exist in the mechanical tuning
method such as volume increase and requirement of mechani-
cal movements. Theoretical basis for the presented method are
devised from a circuit model and an analytical model and are
validated by using a proof-of-concept experimental prototype
results. Experimental results show that the R-MRC-WPT sys-
tem has better performances than the C-MRC-WPT system and
cap-tuning system in terms of transmission efficiency, transmis-
sion distance, and misalignment tolerance. Analysis also shows
that when a larger number of configurations are used in the
system, higher efficiency improvement can be achieved under
various DIS and/or MIS conditions.

While this paper focuses on presenting the R-MRC-WPT sys-
tem for low-power applications such as consumer electronics,
the concept is candidate for higher power levels. However, there
might be health and safety concerns [11] above certain power
levels especially that the presented system transmits power for
distances that are larger than one coil diameter. Future work
includes but is not limited to developing and implementing
adaptive control algorithms to automatically realize the system
reconfigurability.

APPENDIX [

A general two-port network is shown in Fig. 13, where a;
and a9 are incident waves, and b, and by are reflected waves. a
and by are defined in (A1) and (A2), respectively [39]. In this
paper, Zs = Z;, = Zy = 50}

i+ 12
= ——— (A1)
' AV
— 1, Z
by = M. (A2)

2V 2y
From the definition of Ss1, the following can be obtained:

Vo—1IyZy
g, - _ 2V
21 = T W+hZy, T Vs
2vVZo
According to the maximum power transfer theorem [40], the
maximum available power (P4) at port one of the two-port

_ V(W) _ 2%

=T

(A3)
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Fig. 14. Equivalent circuit model of directly coupled inductors that are con-

nected in series.

network is given by
1 2
Py = (2 Vs > /2.

Therefore, the transmission efficiency of the two-port network

(A4)

18
Py Vi)Zy  VE

2
n=— =212 42 52,
Py (lvg) )z, VE P

(AS5)

APPENDIX I

When Lcoi and Ly, ; are connected in series and are directly
coupled as shown in Fig. 14, the equivalent inductance L,iq, is
given by (A6) [40]

Laid,i = Lcoil + Lloop,i +2M. (A6)

Therefore, the mutual inductance between L and Lioqp
is given by

Laiai — (Leoil + Lioop_i
M= 1id ( c;l+ loog ) (A7)
Based on (1) and (A7), k;.; can be calculated as
M(’ Lai 4 Lcoi Loo i
kiei = L _ Luidsi = eon + Lioop >.(A8)

V LcoilLloop,i 2\/ LcoilLloop,i

APPENDIX III

From Fig. 15, (A9) can be derived using circuit analysis [40]

{Ul (t) = Leon et — M 42 (A9)

di dis
V3 (t) = _M% + Lloop,iﬁ
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Fig. 15. Equivalent circuit model of a coupled inductor.

When the secondary side is an open circuit, /> = 0 and (A9)

can be rewritten as
diloe
Vioc (t) = Lcoil?d]it
" (A10)
a0e(t) = —M e

When the secondary side is shorted (short circuit), Vo = 0.
Therefore,

Lloop,i X IQsc =M x Ils(t~ (All)
From (A10) and (A11), the following can be obtained:
Vaoc M
Vvloc B Lcoil
(A12)
IQsc o M
Ilsc Lloop,i

Thus, using (1) and (A12)

M [Vage X Iag
kjos = . Mie [ V20e X fase ) (A13)
vV LcoilLIOOp,i ‘/lac X Ilsc ;
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