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An Inductive Power Transfer System With a High-Q
Resonant Tank for Mobile Device Charging

Qifan Li and Yung C. Liang, Senior Member, IEEE

Abstract—Inductive power transfer (IPT), which employs the
principle of electromagnetic induction, is widely applied to wireless
charging applications. The efficiency of an IPT system is highly
dependent on the quality factor (Q) of the power resonant tank. In
this paper, a novel design on the structure of the resonant coil is
used in the resonant tank to achieve a significantly high Q above
1000 for the IPT system. Compensating capacitors are used in both
primary and secondary circuits to align the resonant frequencies
in order for the system resonant status to be maintained by a
frequency tracking circuit. The experimental results show that with
a primary coil Q of 1200, the proposed IPT system allows power to
be transferred at a maximum air gap distance to coil diameter ratio
of 1.46 for a highest efficiency of 87 % at the resonant frequency of
106 kHz.

Index Terms—Inductive power transfer (IPT), quality factor
(Q), resonant frequency tracking, wireless charging.

1. INTRODUCTION

N recent years, mobile devices, such as cell phones and
I tablet computers, have become extremely popular for per-
sonal communication and business uses. Batteries of these mo-
bile devices need regular recharging due to their limitation of
battery capacity. The wireless power transfer (WPT) systems,
which are designed to deliver power efficiently from a stationary
primary source to one or more mobile secondary loads over an
air gap, gain increasing attentions as a convenient approach for
charging. The approach has the advantages of minimum or no
external charging accessories, availability for multiple devices
simultaneously, and a lower risk of electric shock. The WPT
charging is also preferred for the implanted medical devices to
power them through the skin rather than having wires penetrate
the skin, which would increase the risk of infection.

The WPT charging may be achieved by different methods in-
cluding microwave radiation [1], capacitive power transfer [2]—
[4], and inductive power transfer (IPT) [5]—[8]. For the inductive
coupling systems, they are used for both high- and low-power
applications, such as to supply high power to monorail systems
[9] and electric vehicles [10]-[12], or lower power to laptop
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computers [13] and mobile phones [14]-[17]. In 2009, the first
standard on WPT developed by the Wireless Power Consortium,
named Qi, was published for low power transfer up to 5 W and
it marked the beginning of feasible use of contactless charging
technology in portable commercial products [18].

Generally, an IPT system is implemented with specially con-
structed transformers, in which energy from the primary wind-
ing is transferred inductively through the air gap to the secondary
winding. The power transmission efficiency greatly depends on
the capability of energy delivered from the primary coil to the
secondary coil. One factor which influences the amount of en-
ergy transferred is the coupling coefficient between the two
coils. Due to the separation by the air gap, the coupling coeffi-
cient between the primary winding and the secondary winding
is much smaller than that of conventional transformers, i.e., a
smaller portion of the magnetic flux generated by the primary
winding is received by the secondary winding. If the primary
coil and the secondary coil are far apart or aligned with an angle,
the amount of the magnetic flux generated by the primary coil
which cuts through the secondary coil will be dramatically re-
duced, resulting in a smaller coupling coefficient and less power
transferred. Another factor which affects the amount of energy
transferred is the quality factor (Q) of the primary resonant coil
at the resonant frequency. The value of Q reflects the ratio of
the energy stored to the energy losses in the resonator per cycle.
A higher value of Q indicates a greater resonant amplitude and
a lower rate of energy loss relative to the stored energy in the
resonator. When operated at the resonant frequency, the primary
coil with higher Q generates a stronger ac magnetic field, which
can be received easier or farther by the secondary coil. There-
fore, the resonant frequencies of the primary and secondary coils
are usually tuned to be the same by compensating capacitors in
order to better transfer power to the secondary side over a longer
distance with higher transfer efficiency.

In this paper, a new design on the resonant coil structure is
implemented in the proposed IPT system to achieve a signifi-
cantly high Q. Compared with conventional resonant coils made
of litz wire, which usually have a Q with the value of several
hundreds, the novel resonant coil is formed by integrating a
stack of conductor and dielectric layers. This special topology
allows a measured Q above 1000. Moreover, litz wire is more
costly, especially for strand diameters below 50 pm less than
the skin depth at a few megahertz. The proposed copper film
with a thickness of 50 pm is less costly and widely available.

A block diagram of the proposed IPT system is shown in
Fig. 1. In the circuit topology, the system consists of a primary-
circuit subsystem and a secondary-circuit subsystem. At the pri-
mary side, a dc voltage is converted to a high-frequency pulsed
voltage by the half-bridge inverter. The high-frequency pulsed
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Fig. 1. Block diagram of the IPT system consisting of a primary-circuit sub-

system and a secondary-circuit subsystem with inductive coupling in between.

voltage is then applied across the resonant tank, which contains
a primary high-Q coil and a compensation capacitor. The fre-
quency of the pulsed voltage is controlled by the phase-lock loop
(PLL) feedback circuit so as to ensure that the resonant status of
the resonant tank is always maintained. At the secondary side,
a secondary coil is also connected to a compensating capaci-
tor to align the resonant frequency. The ac voltage induced is
rectified to become dc voltage and regulated by a dc—dc con-
verter so as to generate a suitable dc voltage for mobile device
charging.

In this paper, the topology of a high-Q resonant coil is de-
scribed and analyzed in Section II. The resonant frequency of
the coil is formulated by analyzing its circuit model and veri-
fied by prototypes fabricated. Section III describes the circuit
design of the proposed IPT system. Finally, experimental re-
sults are shown in Section IV in order to verify the validity of
the contactless power transfer system and evaluate the system
performances.

II. HIGH-Q RESONANT COIL
A. Topology of the Resonant Coil

The high-Q resonant coil illustrated in Fig. 2 is formed by in-
tegrating stacked layers of conductor and dielectric and an open
pot ferrite core [19]. Usually, a high-Q resonant coil consists of
several repeating substacks, named sections, of the same stack-
ing topology. In one section, starting with conductor layer at the
bottom, dielectric layers and conductor layers are alternately
stacked above, ending up with conductor layer on the lop, i.e.,
each two adjacent conductor layers in the section are separated
by a dielectric layer in between. The top conductor layer has two
terminals which are for the external connection. Aside from the
top conductor layer, there are no other electrical contacts, no vias
or external connections, in the rest of the structure of a section.
Each dielectric layer is toroid shaped and each conductor layer
is C shaped. The two successive C-shaped conductor layers face
in opposite orientations and form two overlapping areas with a
symmetric overlap angle 6 defined as in Fig. 2. The overlapping
areas of the conductor layers together with the dielectric layer
between them form two capacitors within the sandwich unit.
Current flowing in the inductive loop formed by the conductor
layers passes through these two capacitors, denoted as Cj in the
equivalent circuit model.
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The symmetric overlapping areas between two adjunct con-
ductor layers are defined with an overlap angle 6. A unit is a
substructure of two adjunct conductor layers and the ring-shaped
dielectric layer between them.

B. Circuit Model and Analysis

Fig. 3 shows current distribution in the conductor layers by
simulating a unit stack (two copper layers and one insulator
layer) with an overlap angle 6 at 170° on LTSPICE. The hor-
izontal axis corresponds to the angular position ¢ from 0°,
which refers to the central position of the open slot of the up-
per C-shaped conductor layer in the unit, in clockwise to 360°.
The current through each conductor layer is normalized by its
maximum value [,,,, which happens at the nonoverlapping area
opposite to the open slot of the C shape. In the conductor layer,
the current flowing through varies with the angular position due
to the current transfer between two conducting copper layers. In
the overlapping region, the current transfers from one conductor
layer to the adjacent ones and as a result, the current in a given
conductor layer linearly increases or decreases as a function of
the angular position. Hence, the current through the upper con-
ductor layer in a unit /. ypper can be represented as a function
of the angular position ¢ as follows:

I,é,, (90_7719)7 (7’ S(p< 9)
Ic,upper = Imv (m < ¥ S 9)
7](,'),,, (QD 371'2+9)7 (37’ 0 90 S 37 +0)

Similarly, the current through the lower conductor layer in
the unit 1. jower 18

Im; (O S s %)
L e (s
¢, lower — I, 370 37—0 < 3m+6 '
0 (SD B} ) 5 ( 2 S < 2 )
I’"l) (57r+9 < ()0 < 27T)

By adding I, pper and I¢ 1ower, the loop current /y in the unit
can be expressed as
IO = Ic,upper + Ic,lower = Im; (0 < p < 277) . (3)
Therefore, the loop current [, in the unit is constant at all
angular position ¢ and a lumped RLC equivalent circuit can be
used to model the unit, as shown in Fig. 2. In the equivalent
circuit, Ry refers to the resistance of the conductor loop; Ly
refers to the inductance of the conductor loop; and C refers
to the capacitance of the capacitor formed by the overlapping
area. For the analytical process of the single-layer planar LC
structure, similar works were carried out in [20] and [21].
When the thickness of the conductor layer is less than
the skin depth of the system operating frequency, the resis-
tance of a single-layer loop can be approximated by its dc
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resonant circuits.
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1 27p
R = = 4
loop ,127 Lar In d, 4)
f‘ﬁ 2mpr ) di

where p is the resistivity of the conductor used, ¢, is the thick-
ness of the conductor layer, and d,, and d; are the outer and inner
diameter of the conductor layer, respectively. Since current lin-
early increases or decreases over the distance of the overlap
angle 6, the equivalent resistance of the conductor at overlap-
ping area is halved in terms of the maximum current /,,, . Thus,
the equivalent resistance of a unit is derived as

_ eRloop + (71— - 9) Rloop
27 27

_ Rloop _ TP
2 t.In ((ITO ’

Ry )

Then, the expression of L, which is an approximate parallel-
plate configuration [22], is derived as
_ HoHr (do + dt) In 8 (do + dL)
B 4 d, — d;
where p and p, are the vacuum and relative permeability.

Finally, the expression of Cj, which is also an approximate
parallel-plate configuration, is derived as
g0 0 (dg - df)

8ty

where € and ¢, are vacuum and relative permittivity, respec-
tively, and ¢, is the thickness of the dielectric layer.

Ly

-2 (6)

Co = (N
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I~2 L TR | * 8. 0 ,¥ L) | R NI R, R | L)
— Upper Layer | 1
-
s
&
-
=
O
T
5
;
S
4
KW,
0.0 (U PR WU RNPUN R G P | PYR BT RR WU S —
0 30 60 90 120 150 180 210 240 270 300 330 360
Angular Position [degree]
Fig. 3.  Normalized current flowing through top and bottom layers of a unit

versus angular position, starting from 0° referring to the central position of the
open slot of the upper C shape, clockwise to 360°.

In the equivalent circuit of one section stack shown in Fig. 2,
points D—@) in the model are, respectively, corresponding to
the physical points D)—©)of the resonant coil. The value of the
capacitors connecting two adjunct units is equal to Cy. Only the
top unit has the connection to the external circuit. Currents in
other units are induced by inductive coupling, which effectively
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Fig. 4. Schematic diagram of the distributed element model for the proposed resonant coil used in LTSPICE simulation.

puts all the units in parallel. However, as the number of parallel
units increases, the inductive coupling to the farther units be-
comes weaker and results in lower current through these units.
Therefore, a high-Q resonant coil are usually divided into sev-
eral sections, each containing several units in order to achieve
strong coupling and effective current sharing in every conductor
layer.

Assuming strong coupling between arbitrary two units due to
the high permeability of ferrite core, i.e., the coupling coefficient
is close to 1, the mutual inductance between each two units can
be written as M = Lg. To calculate the resonant frequency of
the whole stack, the impedance of the rest of the units is reflected
to the first top unit, named Z, as shown in Fig. 2. Due to the
strong coupling, the model for each unit is the same except the
top unit which has a connection to the external circuit. As for
the unit without galvanic connections, there exists

Zy,2) = Ro +jwLo + 3

JwCo
0= jwM [Ty + (N —2) Iy 2)] + Zo,(2)Lo,(2) (9)

where Z (9) is the impedance of the unit without galvanic con-
nections to the external circuit, Iy (1) and I (o) are the loop
currents through the top unit and the rest units, respectively, and
N is the number of total units. We can derive I (o) in terms of
I()‘( 1) as

Then, the expression of the reflected impedance of one unit
Zy is
- juJMI()<2>
Io (1)
w? M?

- .an
Ro+j|wLo +wM (N —2)— wlcu}

The reflected resistance and reactance can be respectively
derived as

wiC?M?R,
Re(Zy) = : - 2 2 D2
{UJQC() [L[) + M(N — 2)] — 1} +w200R0
(12)
BCoM? {w?Cy[Ly + M (N —2)] —1
Im(Zg) = ——2-C0 {w?Cy [Lo + M ( )] -1}

C{wCy Lo+ M (N —2)] — 11 + w2C2R2
(13)
Typically, Ry, Ly, and Cj are of the order of milliohm, mi-

crohenry, and nanofarad, respectively. Thus, (12) and (13) are
approximately as

Re (ZT())
Im (Z,,,O)

W'CEM®R,
WBCOMZ.

Q

(14)
5)

Q

Due to the same topology of the units, the total reflected

oM impedance Z, is
Iy 2) = — : e ; Iy, 1y- (10)
Ry +j [wLo +wM (N —2) - wco} Z, = (N = 1) Zy. (16)
R (Z ) 4 [RU + (N — 1) W4CgM2R()]
€ coil) =
VT 2020 Lo + (N — Dw2CoM2])? + w?C2 [Ry + (N — 1) ' C2M2R, )
N 4R, an
{2 —w2Cy [Lo + (N — 1) w2Co M2} + w2C2 [Ry + (N — 1) w*C2 M2 Ry
4w [Lo + (N — 1) w?Co M?] — 2wCy {[wLo + (N — 1)w300M2]2 + [Ro + (N — 1)w4C§M2R0]2}
Im (Z(:oil) =

4o [Lo + (N = 1) w2 CoM?] — 203Cy [Ly + (N — 1) w2 CoM?]?

{2 —w2Cy [Lo + (N — 1) w2Co M2} + w2C2 [Ry + (N — 1) wiC2 M2 R,

{2 —w2Cy [Lo + (N — 1) w2CoM2]}? + w2C2 [Ry + (N — 1) w*C2M? Ry

(18)
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Fig. 5. Resonant frequency versus the number of coil units by theoretical
calculations, simulations and experimental measurements.

In Fig. 5(b), the resistance and reactance of the total
impedance Z..; seen from the input voltage is derived as (17
and 18) as shown at the bottom of the previous page.

By setting the reactance of the total impedance equal to zero,
the resonant frequency can be derived by solving the following
equation:

0= 4[Ly+ (N —1)w’CyM?]
— 22C) [Lo + (N = 1)?CoM?]? . (19)

Typically, the number of units N is from tens to hundreds.
Thus, the approximate solution of resonant frequency fj is

N V2
271'\/ LOOOW.

C. Simulation with Distributed Model

fo (20)

The resonant frequency of the resonant coil is determined by
the equivalent inductance, the equivalent capacitance, and the
number of units. The equivalent inductance and capacitance de-
pend on the coil dimension, the overlap angle 6, the thickness
of layers, the ferrite core material, etc. For example, the induc-
tance will increase if ferrite material with higher permeability
is utilized and the capacitance will increase if it has a larger
overlapping area or the thickness of dielectric layers is reduced.
In order to have a lower resonant frequency for a lower switch-
ing loss, the equivalent inductance and capacitance should be
as large as possible. Copper sheet with a thickness of 50 pum
and an overlap angle of 170° is used for conductor layers. Even
at the maximum system frequency near 1 MHz, this thickness
is smaller than the skin depth of copper, which is at 65 pm.
Thus, using the dc resistance as an approximation is reason-
able. The 50 yum NOMEX Type 410 insulation paper with a
relative permittivity of 2.5 is employed for dielectric layer. A
PM-type ferrite core made from N87 material, which has an
initial relative permeability of 2300, is readily available. The
outer and inner diameter of its winding area is 59 and 29 mm,
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TABLE I
DESIGN PARAMETERS OF THE HIGH-Q RESONANT COIL

Parameter Value  Parameter Value
Coil outer diameter 59 mm  Number of Units 16
Coil inner diameter 29 mm  Number of Sections 8
Thickness of conductor layer 50 pm  Relative permeability of ferrite core 2300
Thickness of dielectric layer ~ 50 um  Relative permittivity of dielectric 2.5
Overlap angle 170° Relative permittivity of glue 2.0

Fig. 6.
of 1200 at the resonant frequency of 550 kHz.

Photograph of the prototyped high-Q resonant coil with a measured Q

respectively. Substituting these parameters in the coil structure
to (5)—(7), we can calculate the parameters of the equivalent cir-
cuit as Ry = 1.504m¢Q, Ly = 70.28 uH, and Cy = 0.4335 nF.
Besides, a more effective way to reduce the resonant frequency
is to increase the number of units. Thus, a distributed element
model for the proposed resonant coil is established on LTSPICE
to examine the relationship between the resonant frequency and
the number of units. The schematic diagram of the distributed
element model is shown in Fig. 4. In the schematic diagram,
each conductor layer is divided into 70 equal parts represent-
ing an angle of 5° each. In each part, distributed resistance,
inductance, and capacitance are calculated as

Ry Ly
= — =2149u), L=— =1.004pH
B= 9 psl, 70— LU04uH,
Co
C = % = 0.01239nF. 21

The simulation results are shown in Fig. 5 for the relation-
ship between the resonant frequency and different number of
units. The simulation results meet the theoretical curve quite
well, especially when the number of units gets larger. Next, the
experimental measurement of prototypes will provide further
verification.

D. Coil Prototypes with Measurements

The resonant frequencies of the prototype coils are measured
and also plotted in Fig. 5 to further verify the theory and sim-
ulation on the resonant frequency. The discrepancies between
the experiment and simulation are caused by the assumption
used in simulation that the coils are tightly surrounded by a
uniform ferrite when calculating the loop inductance L. How-
ever, in experiment, the size of the ferrite core is not adjustable
and the winding area of the ferrite core is not completely filled
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up if the number of coil units is fewer, resulting in a decrease
of self-inductance. However, an acceptable discrepancy of less
than 4% is found when the number of coil units is at 14 or
above. Considering the practical issues in coil construction, a
16-unit resonant coil is adopted in making the coil prototype in
this paper. A summary of the parameters of the proposed high-Q
resonant coil is listed in Table I. Water-based glue is used to stick
two adjunct layers together. The stack is compressed by high
pressure until extra glue exudes from the edges of the layers and
until the glue solidifies. The average thickness of a glued layer
is at about 3.3 um, which is 6.6% of that of a dielectric layer.
The relative permittivity of the glue used is measured to be 2.0,
similar to that of dielectric layers of 2.5. Thus, the glue layer
has little influence on the inter-layer capacitance according to
the analysis in [23]. Finally, the stack is tightly compacted with
multiple units and shown in Fig. 6, together with its measured
Q of 1200 at the resonant frequency of 550 kHz.

In order to further lower the resonant frequency to be around
100 kHz, a compensating capacitor is added in series with the
coil prototype to form a resonant tank, which will be described
in Section III.

III. PROPOSED SYSTEM DESIGN

In this section, the design of the proposed IPT system is
presented. There are two main features. One is to ensure that both
the primary and secondary circuits are tuned to similar resonant
frequencies for the optimal transfer range and efficiency. The
other is to maintain the resonant status of the system by tracking
the resonant frequency when the load at the secondary side
varies.

A. Primary Circuit and Secondary Circuit

The IPT system is made of two main subsystems, namely
primary circuit and secondary circuit as shown in Fig. 7. The
operating frequency of the primary circuit is generated by the
resonant frequency tracking unit which is to maintain the res-

LM2576
L[} Feedbaet}
Output| 2 o
4 OFF __GND] 100 pH_i Vv
680 WF[10 uF 5 3] & 5824 000 uE out
o
(b)

Schematic of the IPT system: (a) Primary-circuit subsystem and (b) secondary-circuit subsystem.

onant status as the load on the secondary side changes. When
the load on the secondary side is lacking or far from the pri-
mary coil, resulting in the resonant frequency beyond the preset
range, a standby mode of the tracking unit will be started to save
energy. This function is implemented in the primary circuit.

In the secondary circuit, the ac voltage across the secondary
coil is rectified into dc voltage by the full-wave rectifier and
converted to a constant and stable dc voltage at the dc—dc con-
verter output. The output voltage of the dc—dc converter is easily
adjustable for different charging applications.

B. Frequency Compensating Circuit

Depending on the serial (S) or parallel (P) connections of
the compensating circuits in the primary and secondary circuit,
there are four possible structures as SS, SP, PS, and PP [24]. The
combination of serial and parallel connections is also used [25].
In the IPT system, we use serial structure in the primary circuit
and parallel structure in the secondary circuit. The compensating
capacitor at the secondary side is chosen by

1

" 2 Lo sConps

to be at 89 nF in order to achieve around the desired resonant fre-
quency for the inductance of the secondary coil of 24 ;H. Then,
the compensating capacitor of at the primary side is chosen as
9.8 uF by the same process as that of the secondary side.

With the inclusion of the compensating capacitors, the res-
onant frequencies on both sides are tuned to be very close or
the same. Considering the cost of the system, the resonant fre-
quency around 100 kHz is employed due to the implementation
by conventional silicon MOSFET and to lower the switching
loss. The final measurement on the PCB prototype shows a
resonant frequency of 106 kHz is achieved.

fo.s

(22)

C. Resonant Frequency Tracking Unit

In order to maximize power transfer efficiency, the operat-
ing frequency of the IPT system should be closely tuned near
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the resonant frequency of the system. The resonant frequency
tracking unit, which consists of a comparator circuit and a PLL
circuit, can generate a square wave output with a frequency
adjustment according to the phase difference between the two
input signals. The two inputs are from the voltage across the
resonant tank and the voltage across the compensating capaci-
tor. First, the two sampled waveforms are converted into equal
magnitude square waveforms by a zero-crossing detector cir-
cuit. Then, the two square waveforms Vi1 and V;,» are sent to
the phase detector of PLL chip, which generates a pulse voltage
Viet representing the phase difference between the inputs. The
generated voltage V.. passes through a low-pass filter and the
average dc voltage V,,, proportional to the phase difference is
then obtained. Finally, the voltage-controlled oscillator in the
PLL chip generates a periodic square wave output Vyco whose
frequency is proportional to the dc voltage. This output is ap-
plied to the input of the half-bridge gate drive for the resonant
tank. The waveforms described above are illustrated in Fig. 8.
When resonance occurs, the phase of the voltage across the
resonant tank is 90° leading the phase of the voltage across the
compensating capacitor. The center frequency of the PLL is set
to be the resonant frequency when the secondary coil is best
positioned next to the primary coil. When the secondary coil is
moving away from the best position, the mutual inductance will
decrease, which results in the increase of the system resonant fre-
quency. The output of the frequency tracking unit will respond
to compensate the change of the resonant frequency. The state
diagram on the frequency tracking is illustrated in Fig. 9. The
linear curve is the property of the resonant frequency tracking

6209
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Photograph of the prototyped IPT system.

unit, representing the relationship between the phase difference
at the two inputs and the tracking frequency at its output. The
other curve is the property of the resonant tank, representing
the relationship between the operating frequency and the phase
difference between the two voltages across the tank and across
the compensating capacitor. The operating point P is where the
set center frequency equals to the system resonant frequency
at the best coil positioning. A movement of the secondary coil
leads to a raise of the property curve of the resonant tank. The
new operating point is now the crossover point P/, which has a
higher operating frequency than before to cater the change of
the system resonant frequency. Starting at the center frequency
at 106 kHz, a preset range of frequency tracking window from
40.6 to 172.3 kHz is configured by the external circuit of PLL
chip. Within this frequency range, the resonant frequency track-
ing unit can keep the system operating frequency very close
to the system resonant frequency. When the secondary coil is
absent, the resonant frequency increases significantly, resulting
that the operating point slips beyond the upper limit of the VCO
frequency. Thus, the standby unit inhibits the PLL chip tracking
for a short period for power saving. The hardware verification
can be seen in Fig. 13 which is to be described later.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 10 shows the prototyped IPT system, which includes a
primary-circuit subsystem and a secondary-circuit subsystem.
At the primary side, the control circuit is built on PCB and the
high-Q resonant coil with its compensating capacitor is shown.
At the secondary side, the coupling coil is a two-layer winding
with a permanent magnetic core on a planar ferrite platform.
The dimension of the secondary-circuit subsystem is 12.5 cm in
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Fig. 11. Measured voltage waveforms across the resonant tank (upper trace,
10 V/div), compensating capacitor (lower trace, 2 V/div) and the current wave-
forms (middle trace, 500 mA/div) through the resonant tank at time scale of
4 ps/div.

length and 6.3 cm in width, which is suitable for the fitting in
most mobile phones.

In the test, the load is constant at 5 V, 1 A. Fig. 11 shows
the waveforms of the voltage across the resonant tank and the
voltage across the compensating capacitor. The current through
the resonant tank is also shown. At the operating frequency of
106 kHz, the resonant tank has the voltage across the resonant
tank and the current through the resonant tank is in the same
phase, which indicates that the circuit operates in the resonant
state. During the resonant state, the phase difference between
the voltage across the resonant tank and the voltage across the
compensating capacitor is at 90°, as tracked by the PLL circuit.

At the secondary side, the sinusoidal voltage across the sec-
ondary coil is induced. The voltage is rectified by a full-wave
rectifier and converted to a constant and stable dc voltage as
output. The induced sinusoidal voltage and the dc voltage are
shown in Fig. 12.

As shown in Fig. 13, when the distance between the primary
coil and the secondary coil increases, the resonant frequency
of the system changes to be higher. The resonant frequency
tracking unit tries to tune the operating frequency following the
change of the resonant frequency. The tracking of the resonant
frequency tracking unit is shown in Fig. 13, for example with the
7.6% maximum difference at the separation distance of 9 cm.

The load power at various coil distances is plotted in Fig. 14.
The 5-W load power is maintained until the current in the pri-
mary circuit reaches its maximum limitation determined by the
permissible rms current of 3.0 A in the primary compensating
capacitor at 100 kHz and 85 °C. At the distance around 6 cm,
the output power is reduced. The efficiency of the IPT system
is calculated as the ratio between the energy transferred to load
and the total energy at input. Fig. 15 shows that the highest effi-
ciency measured is 87% where the two coils are placed closely
without gap. The workable distance is up to 8.6 cm between
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10k points
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Fig. 12. Measured ac voltage across the secondary coil (upper trace, 5 V/div)
and dc voltage across the rectifier output (lower trace, 5 V/div) at the time scale
of 4 ps/div.
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Fig. 13.  Resonant frequency variations and PLL tracking versus the coil dis-

tance, indicating that the frequency tracking unit is capable of maintaining the
circuit operation close to the resonant status.

the primary coil and the secondary coil with a power transfer
efficiency of 10%.

The proposed IPT system with high-Q resonant coil is com-
pared with the previous IPT system with traditional low-Q coil
as reported in [18]. Both IPT systems use the same control
circuit for frequency tracking and similar main circuit. The pri-
mary coil implemented in [18] is made of litz wire wound in a
two-layer spiral shape on a ferrite plate with a cylindrical mag-
net in the center. Performances of the IPT systems are compared
in Table II.

Fig. 16 makes performance comparison between the pro-
posed system and published works on IPT system on the overall
maximum power efficiency and the transmission distance ratio,
which is the ratio of the maximum transmission distance d, .
to the coil equivalent dimension D. The proposed IPT with a



LI AND LIANG: INDUCTIVE POWER TRANSFER SYSTEM WITH A HIGH-Q RESONANT TANK FOR MOBILE DEVICE CHARGING

5~5 1 J v 1 ] L\l ] L\l L} b 1

s

5.0 I»-l-l~l-l-l-!-l-l-.-..._-_.
45t w g
4.0
3.5 % 4
30k : \ l
A
25F . -
20F 4 4
155k : : ‘ "

I‘() " Jl a i PN T — ) V- | A | S PR y —

2 3 4 5 6 7 8 9 10
Distance between Coils [cm]

T T
[ 4
!

Load Power |W]
-

Fig. 14.  Load power versus the coil distance.
90 y L\l L) ) < L) A\l ) L\l ) L\l
— 80F ™ E
X L W,
oy || 4
g w
S 60k . i
i
= 50 - \‘\ b
-
@ - ~ -
! -
> “u
A 30+ - -
= “u
£ 20 T .
-
S 10} e
10 -y -
L -
() 1 A 1 A A ' L A ' A A '
0 1 2 3 4 5 6 7 8 9 10
Distance between Coils [cm|
Fig. 15. Efficiency of power transferred versus the coil distance.

TABLE II
COMPARISONS BETWEEN IPT SYSTEMS WITH HIGH-Q COIL AND LOw-Q CoIL

IPT system with IPT system with
Parameter high-Q coil low-Q coil [18]
Q of the resonant tank with 240 (at 106 kHz) 90
Cemp, P 160 (at 170 kHz)
Operating frequency 106 kHz 100 kHz
Power transfer efficiency 87% 45%
Maximum transmission 8.6 cm 3cm
distance
Transmission distance ratio 1.46 0.70
Maximum output power SW 0.75W

maximum efficiency of 87% and the transmission distance ratio
of 1.46 shows a relatively high performance compared to other
works cited. This also verifies that the proposed IPT system is
effective enough for the power transfer to mobile devices.
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Fig. 16. Comparison of the maximum power efficiency and transmission

capability with related works from [26]-[33].

V. CONCLUSION

In this paper, a contactless power transfer system with a high-
Q resonant tank for mobile device charging application has been
designed and implemented. To achieve significantly high Q, a
specially structured resonant coil containing stacks of copper
conductor and dielectric layers is properly made. The prototype
of the resonant coil has measured with a Q value of 1200 at its
self-resonant frequency of 550 kHz.

The performance of the proposed IPT system is experimen-
tally measured. The highest power delivery efficiency is at 87%
and the maximum transmission distance ratio is at 1.46. The pro-
posed system is benchmarked with other related works as cited
in the references to demonstrate its performance in effective
power transfer for the charging of mobile devices.
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