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Abstract—To improve the misalignment tolerance of wireless
power transfer (WPT) systems, two or more transmitting coils
are generally required with independent control. The independent
control of multiple coils usually needs the multiple inverters or
additional switches, which increases the size and component count
of the WPT system. In this article, a WPT system with novel TX
coil driving circuit is proposed for high misalignment tolerance and
low component count. The proposed circuit allows a single inverter
with only two switches to control the magnetic field of two TX coils
independently, which helps achieve the low component count and
compact size. In the propose WPT system, two decoupling square
coils are adopted as the bipolar transmitter and each of the coil is
driven by one switch. When the receiving coil is misaligned, the two
coils of the transmitter can distribute the output power according to
the different positions of the receiving coil by the proposed driving
circuit, thus ensuring a fixed total output voltage, namely high
misalignment tolerance. Moreover, the detailed theoretical analysis
and design approach are given in this article and the proposed
circuit is compared with the existing approaches. A 1 MHz WPT
prototype is built for verification purpose, and the constant output
voltage can be achieved within a coil misalignment of —6 to 10 cm.

Index Terms—High misalignment tolerance, low component
count, two-coil driving circuit, zero voltage switching.

I. INTRODUCTION

IRELESS power transfer (WPT) is the technology with

great potential, makes the transmission methods and
applications of electric energy more diverse and extensive [1].
WPT technology can use magnetic field, electric field, mi-
crowave, laser, and other means of transmit power without
external physical connections. At present, WPT is widely used
in electric vehicle [2], [3], portable devices [4], medical [5],
rail transportation [6], aerospace [7], ocean exploration [8], and
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household appliances [9], because of its high security, conve-
nience, flexibility, and unnecessity of bulky cable and heavy
plugs.

Currently, most of the WPT systems adopt magnetic field
coupling method, i.e., two coils transmit energy through mag-
netic coupling. The shape, size, and position of the two coils
will affect the strength of the magnetic coupling, which will
affect the transmission capability of the WPT system. Generally,
the magnetic coupling of the two coils is strongest when they
are aligned. However, misalignment between the two coils is
almost inevitable in a real WPT application, which may result
in poor energy transfer capacity and efficiency [10], [11]. In
order to improve the misalignment tolerance of the WPT system,
many works are discussed, e.g., the coupling coils with uniform
magnetic coupling, circuit topologies, and control methods for
constant output, among, which the most straightforward way
is optimizing the coupling coils. Pang et al. [12] discussed a
double D (DD) coil with the same current direction between
two D coils, which produces a single-sided flux, which is twice
as large as the flux of a circular coil. However, the magnetic
field type of the DD coil results in ineffective energy transfer
at some position of the coil, i.e., null power point. To solve
this issue, a spatial quadrature coil is added to the DD coil,
named the DD quadrature (DDQ) coil [13], which can pick up
the polarized flux generated by DD coil. However, the DDQ coils
require the complex coil structure and driving circuit design,
and low material utilization. In [14], a decoupled multicoil
structure, namely bipolar (BP) coil, is introduced, which has
the same characteristics as DDQ coil. Compared to DDQ coil,
BP coil exhibits better interoperability features with improved
material utilization and is simple to drive due to the identical
coil structure. In addition, there are quadruple D (QD) [15], QD
quadrature (QDQ) [9], DD two quadrature (DD2Q) [16], tripo-
lar pad [17], and multicoil structures with high misalignment
tolerance in multiple directions.

For the abovementioned high misalignment WPT design with
multiple coils, multiple inverters are usually required to control
the coils independently to generate the magnetic field prop-
erly, resulting in high component count and cost, large circuit
size, and low reliability of the system. Li et al. [18] presented
a wireless charging system based on compact and integrated
double-sided decoupled coils, which adopting two transmitter
and receiver. In [19], a decoupling control method is proposed
so that two WPT power modules can achieve independent output
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control and, thus, be free from cross-coupling effects. However,
these methods use separate inverters to control each coil inde-
pendently, which may increase WPT system complexity and
component count. To reduce the use of inverters and devices,
an input-parallel single-switch wireless power transfer system
is present in [20], which allows each coil to be controlled
individually by one switch. Zhang et al. [21] introduced a
novel quadrature coil and a converting circuit, which allows
the coupler structure to be adjusted according to the relative
position of the coils on both sides. This scheme adjusts the
two identical DD coils overlapping 90° by means of a control
switch to operate at optimum efficiency or power. In [22], a
series of hybrid topologies are proposed, in which two coils
are connected in series or in parallel within the same resonant
circuit. This approach allows one full-bridge inverter to exploit
the difference in the effect of mutual inductance on the output,
thus achieving a constant output over a wide range. Ge et al. [23]
proposed a dual-independent-output inverter, which can drive
two coils independently by two controllable outputs. However,
these circuits have one of the problems, such as additional
components requirement, high voltage stress of switch, high
complexity, incapability for independently multicoil control.
Therefore, design of a WPT system with high misalignment
tolerance and simple coil-driving circuit is of great significance.
In this article, a WPT system with novel TX coil driving circuit
is proposed for high misalignment tolerance and low component
count. The proposed circuit allows a single inverter with only
two switches to control the magnetic field of two TX coils
independently, which helps achieve the low component count
and compact size. In the propose WPT system, two decoupling
square coils are adopted as the bipolar transmitter and each
of the coil is driven by one switch. When the receiving coil
is misaligned, the two coils of the transmitter can distribute
the output power according to the different positions of the
receiving coil by controlling the two switches, thus ensuring a
fixed total output voltage, namely high misalignment tolerance.
Compared with the half bridge topology, the proposed circuit
can drive two coils and control their power independently for
high misalignment tolerance by only two switches. Compared
with the single switch topologies, e.g., the Class E inverter,
the proposed circuit has no need of inductors and lower switch
voltage stress due to its Qusi-square wave drain source voltage.
This article presents the operating modes, power distribution
control, misalignment characteristics, ZVS operation, and pa-
rameter design of the proposed WPT system and coil driving
circuit. The system performance with varying load condition and
coil misalignment is investigated theoretically and experimen-
tally, and the proposed circuit is compared with other schemes
in terms of misalignment tolerance and component count, to
validate the advantages of the proposed WPT system and circuit.

II. PROPOSED TX COIL DRIVING CIRCUIT
A. Circuit Topology

In this article, a novel TX coil driving circuit is proposed for
WPT application, which allows a single inverter with only two
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Fig. 1. Proposed TX coil driving circuit for WPT system.
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Fig. 2. Key waveforms of the proposed two-coil driving circuit.

switches to control the magnetic field of two TX coils inde-
pendently, as shown in Fig. 1. Here, the compensation network
Lt1-Ct1 and the low-side switch Q; form a single-switch LC
circuit to drive the transmitting coil L1, the high-side switch
Q2 and clamp capacitor Cc form another single-switch branch to
drive the transmitting coil Lo with the compensation network
Cs-L1o-Crs. Due to the compensation networks Lpq-Cy and
Cs-L1o-Cra, the switches Qp and Qs can also achieve the low
dv/dt operation, which is very similar with the operation of
single-switch Class E topology but with much lower switch
voltage stress compared with Class E topology.

As shown in Fig. 1, the two transmitting coils Lty and Lo
can be independently controlled by adjusting the duty cycle and
phase of the low-side and high-side switches, and the two coils
worked as a decoupled bipolar transmitter. Here, the M; and
M5 are the mutual inductances between transmitting coils (Lt
and L1-) and receiving coil (Lg), and M is the cross-coupling
between two transmitting coils, which is neglectable due to the
decoupled coil structure. And Cr is the compensation capacitor
of the receiving coil.

The key waveforms of the proposed two-coil driving circuit
are shown in Fig. 2. Here, ugs1 and uqs1 are the gate-source
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voltage and drain-source voltage of Qq, ugs> and ugs are the
gate-source voltage and drain-source voltage of Qa, iy 1 and
iz o are the current of the transmitting coil Lty and Lrs, ifr
is the current of the receiving coil Ly, ucri and uc. are the
voltage of compensation capacitor C; and clamp capacitor Cc,
D and D5 are the duty cycle of Q; and Q3, T is the switching
period, and d is the dead time. As shown in Fig. 2, the proposed
circuit can achieve ZVS turn ON and low dv/dt operation of two
switches.

B. Operation Principle

The operation process of the proposed two-coil driving circuit
can be divided into 11 modes, as shown in Fig. 3. It can be given
as follows.

Model 1 [ty-t1]: At time ty, the gate-source voltage ugs1
becomes a high level, the low side switch Q; is turned ON. With
the input voltage charges the transmitting coil L; through Qq,
the current of the transmitting coil Ly gradually rises from zero.
The transmitting coil Lo charges clamp capacitor C,.. At time
11, the voltage uc. increases to the maximum and the current
i, T2 becomes zero.

Model 2 [t1-t2]: The current i1 and i o increases grad-
ually, and the capacitor C,. charges the coil L2 in reverse. At
time fo, the current i, o increases to the maximum.

Model 3 [t2-t3]: The current of Qq decreases to zero gradually,
the capacitors C. and Cs are discharged through the coil Lo, the
voltage of capacitor Ct; decreases from input voltage to zero,
the current of receiving coil Ly changes direction. At time f3,
the current i;,T; increases to the maximum.

Model 4 [ts3-t4]: The low side switch Qq turns OFF, the voltage
u ot increases in reverse, the capacitor Cy and C. continues to
discharge, and the current iyt and i; o decrease. At time 4,
the voltage u oo decreases to zero, the voltage u . decreases to
the minimum.

Model 5 [t4-t5]: The capacitor C,. begins to charge, and the
transmitting coils Lt and Lto continue to discharge through the
body diode of the high side switch Q5. At time 75, the gate-source
voltage ugso becomes a high level, which achieves ZVS turn ON
of high side switch Qs.

Model 6 [t5-tg]: The high side switch Q2 is turned ON,
and the current reverses. The coils Lty and Lts charge the
clamp capacitor C.. At time g, the current i; o decreases to
Zero.

Model 7T [ts-t7]: The current of Qs increases positively,
the clamp capacitor C. continues to charge, and the coil Lo
begins to charge in reverse, while the coil L continues to
discharge. At time f7, the current iyt and ic. decrease to
Zero.

Model 8 [t7-tg]: The current i1 and i ¢ increase in reverse,
the coil Lo continues to charge, and the current of receiving
coil Ly changes direction. At time 7g, the current i ;7o increases
to the maximum.

Model 9 [tg-tg ]: The current of Q4 decreases to zero gradually,
the coil Lo charges the capacitors C., Co and the coil Lt1.The
capacitor Cp; discharges positively. At time fy, the voltage u o1
increases to the zero.
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Model 10 [ty-t19]: The high side switch Q2 turns OFF, the
voltage u o1 increases positively, the coils L1 and Lo together
charge capacitors Co and C.. At time t19, the voltage ucTq
increases to the input voltage.

Model 11 [t1o-t11]: The coils Lt and Lt continue to charge
the capacitor C. through the body diode of the low side switch
Q1. At time 711, the current i1 decreases to zero, and the
voltage ugs1 becomes a high level, which achieves ZVS turn ON
of low side switch Q1.

III. DESIGN OF THE PROPOSED TWO-COIL DRIVING CIRCUIT

Fig. 4(a) and (b) shows the equivalent circuit models of the
proposed two-coil driving circuit when Q; is on or Qs is ON.
Here, Z; and Z, are the reflection impedances of the receiving
circuit, 11 and rpo are the internal resistances of the Lty and
Lro.

Assume that the receiver satisfies the full resonance condition,
i.e., wLy = l/wLg, then Z; and Z; can be expressed as

wMym)?
2= (EBR-";"p)L (1)
o= (wMjym)?
8R+1R
where rg is the internal resistances of the Ly.

As can be seen from the operation process in Section II,
if the transmitter adopts the full compensation approach, the
low side switch Q; is equivalently connected in parallel with
a large capacitor, which does not allow for a wide range of
ZVS and drive the coil with large inductance. Therefore, the
analysis and design of the proposed two-coil driving circuit is
given in this section, in terms of power distribution between two
coils, output voltage with misalignment, ZVS operation, and
parameter design.

A. Power Distribution of TX Coils

In order to drive the power distribution between two transmit-
ting coils, the two equivalent models in Fig. 4 are analyzed.

According to Fig. 4(a), when the low side switch Q; is ON,
i.e., (—dT, D, T) time, the current i and i;To continues to
increase, the state equation at this stage can be expressed as
follows:

irt (1) (Z1 +rr1) + LTldi%tl(t) = Uy
inra (£) (Za + rr2) + Lre M2 4 uoms (1) = —uce (£)

inma (t) = Oppuez2l) — ¢, duce(t),

dt

2

At time t(, the initial current i ;11 (dT) = 0, and i 7,11 (t) in this

stage can be derived
_ (Z14rr)(t-dT)
(1 —e L1 > . 3)

Besides, the initial and end values of the current iy T in this
stage, i.e., the minimum and maximum values can be expressed
asly =Ip1 min = irT1(0) and I> = I'p1_max = ipT1((D1+d)7).

According to Fig. 4(b), when the high side switch Q5 is ON,
i.e., (D1+d)T, T) time, the current i;, 1 and iy, 7o continues to

Udc

A
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Fig. 4. Equivalent model of the two-coil driving circuit. (a) When Q; is ON.
(b) When Q2 is ON.

decrease, the state equation at this stage can be expressed as
follows:

irm () (Z1 +7r711) + L dzLTl(t) +uce (t) = Use

(
irro (Z2 +r12) + Lo dzLTZ(t) +ucTe (t) =0 "
(t

) duCc (t)

iLT1 Ce—%

irre (t) = C’TzwcTTf(t)-
For simplification purpose, the initial time 3 = (D1+d)T at

this state taken as zero time, and iy 11(¢) in this stage can be
obtained

ipm (1) = CehrAre!t! + Cerg Aget?! )

where A; and A, are the coefficients. According to the initial
and end values of the current i;, 11, A1, and A can be expressed

AL = Zéngl o = (ZlJrTZif%*‘lLTl
T1 T1YC
A1 _ Ioet2(P2+d)T 1,
Cori (2 (P2 ¥ T _ga(D1a)T)
A2 _ Ioett (P2+d)T 1)

Coha (ekl(D2+d)TieA2(D2+d)T) .

Because of the large capacitance of the clamp capacitor C,
the average voltage U . can be solved by using the volt-second
balance characteristic according to the equivalent circuit in
Fig. 4. The steady-state equation of the circuit can be expressed
as

(6)

Use = (Z1 +r71)irri4 + L1 (DiildJST
Use —Uce = = (Z1 +7r11)iLm1- —

Loyt
Since Aipri+ = AirTi., the voltage Ue. can be solved
by (6)
1
1—(Dy+d)

With Uc. as a special solution, the voltage u¢.(f) can be
solved as follows:

= Aleklt + Agexﬁ =+ UC’C —

UCC = Udc (7)

uce (t) Ayt (D2td)T

— Aget2(P2td)T (8)

Similarly, the initial and end values of u () at this stage are
expressed as Ucge1 =ucc(0),and Ugea = Uce = ucc((D2+d)T).

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

According to (2), the voltage u ¢ (f) and i , 72 (f) at stage Q1 -ON
can be obtained
UCe (t) — Ae®t sin (ﬂt + QD) + N 9)
irTa (1) = ACcr/a? + B2e® cos (Bt + o + )

_ (Za+rT12) o a
o= =5y = arctan(F)
where
8= 4L73(Co+Cr2)—(Za+rr2)° Co CT2

4C CT2 LT2
Based on the boundary value of u ¢.(f) and the average value
of current i, 12 (7) as 0, the parameter relationship can be derived

Asinp + N = Ucc
AeP1+d) T gin (B(Dy 4+ d) T + ) + N = Uge
irt2 (0) = —igTe (D1 +d)T).

From (10), A, ¢ and N can be expressed as follows:

(10)

o e’“(Dl+d)T+cos(B(D +d)T)
¢ = arctan ( sin(ﬁ(D1+d)T)1 -
— Uce=Uci
sin p—e®(P1+DT gin(B(D1+d)T+¢)
N =Ug. — Asinp

The initial and end values of the current i; T2 in stage Q;-ON,
i.e., the minimum and maximum values can be expressed as I3
=112 min = irT2(0) and Iy = I12_max = irT2((D1+d)7).

According to (4), the current i;T2(f) at stage Q2-ON can be
obtained

irr2 (t) = AsCray/od + B2e® cos (Bt + @1 +1) (11)

4L7s—(Za+r12)>Cro

Za+rT2 _
- P = 4L2,Cra

a1 = 2LT2

~v1 = arctan(ay /f1)

where I Cos(ﬂl(D2+d)T)71387m(D2+d,)T ) "
- N

(1 = arctan ( Tisin(B1 (Dot d)T)

_ Iy
As = CT2\/af+6f cos(p1+71)

In order to achieve wide range of ZVS and driving large
inductor coils, the impedance of the low side switch in parallel
needs to realize weak inductance, so the capacitor Cto only
compensates part of Lo, which allows a dc component in the
voltage of capacitor Crs, i.e., the average voltage U ore. From
Fig. 4, the steady-state equation can be also obtained

12)

Uce = Uct2 + (Zz +r12) imay + Lo 557
0=Ucr2 — L2 —(Zy + r12) irT24-

(D +d)

Since Aipra+ = Aiprs., the voltage Ucro can be solved
by (10)

Ucto = Ugce (D1 +d). (13)

With Ucgre as a special solution, the voltage u c2(f) can be
solved by (4) as follows:

= Agealt sin (ﬂlt + (,01) + UCT2 - A3 sin ((pl) .
(14)
According to (3), (5), (9), and (11), the rms values of the fun-
damental components of iz, 71 and iz T2 are defined as I, 71 yms

ucTs (t)
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Fig. 5.

Bipolar coil for the two-coil driving circuit.

and /1,12 rms, respectively, as shown in

1 . —i( 2=
11T rms = T/ 1L T1 (t) e J( T )tdt
T

V)

™

1 .

Irro ms = _/ 1LT2 (t) €7J(T)tdt. (15)
. T )

So, the power distribution ratio of coils Lt; and Lo is

expressed as

2
 Pri i w4

r=—= . (16)
Pra I%T2_rmsZ2

It can be seen from (16) that the power distribution of trans-
mitting coils is mainly determined by rms current and mutual
inductances between transmitting and receiving coils. The rms
value of the two transmitting coils current depends on the
corresponding duty cycle.

B. Output Voltage With Misalignment

In order to improve the misalignment tolerance of the WPT
system when the duty cycle is constant, a bipolar transmitter
with two independent coils is adopted, and a square coil is used
for the receiving coil, as shown in Fig. 5. In addition, a 50 mm
overlap between the two transmitter coils allows for decoupling
of the magnetic field.

It can be seen from Fig. 5 that when the receiving coil Ly
moves along the x-axis, the mutual inductance M5 between Ly
and Lo will gradually decrease, while the mutual inductance
M, between Ly and Lt; will gradually increase. The starting
coordinate is defined as the vertex of coil L5, where the receiv-
ing coil is completely aligned with coil Lys. The total voltage
of the WPT system can be expressed as

U~ /(Pp1 + Pra) R
%Tl %2
E Z E Z, )R (17
(Z§+w2L2r1 A 1n

where Lo is the remaining equivalent inductance with Cts and
Lts compensation. When the misalignment distance ranges
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TABLE I
PARAMETERS OF TWO-COIL DRIVING CIRCUIT

Symbol Definition Value
f frequency 1 MHz
Use Input dc voltage 100 V
U, Output voltage 50V

Lti(Lt2) Transmitting coil inductance 16.8 uH
Lr Receiving coil inductance 17.15 uH
M, Range of mutual inductance 0.5-5.15 uH
M, Range of mutual inductance 4.92—-0.58 uH
Cr Receiving compensation capacitor 1.48 nF
Cni Lt compensation capacitor 300 pF
Cr L, compensation capacitor 2.8 nF
G Compensation capacitor 300 pF
C. Active clamp capacitor 200 nF

from O to 10 cm, mutual inductance M; gradually increases
and M, gradually decreases, which means the varying trend
of the reflected impedance Z; and Z, is opposite. From the
analysis of the circuit, it can be seen that Ur; and U o5 remain
basically unchanged while the duty cycle remains constant.
Therefore, under the designed parameters, P increases with
the increase of Z;, and Py decreases with the decrease of Zo,
which overall helps compress the output voltage variation caused
by the misalignment.

Similarly, according to (17), as the load R increases, Z; and
Zs decrease, resulting in the increased Py, and the decreased
P1o and then small change in the output voltage U.,.

Assuming that the change ratio of mutual inductance is fixed
with the increase of misalignment distance, the variation of
output voltage and coils current with misalignment distance in
x-axis is shown in Fig. 6. (The circuit parameters used in the
following figures are shown in Table I.)

It can be seen from Fig. 6 that under constant duty cycle, the
output voltage fluctuation of the circuit is not more than 10%
within the 80 mm misalignment distance in x-axis.

When the x-axis of the coil is aligned and the duty cycle of two
switches is 0.4, the variation of output voltage and coils current
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with misalignment distance in y-axis is shown in Fig. 7. From
Fig. 7, it can be seen that the output voltage and coil current are
symmetrical when the y-axis is misaligned.

When the x-axis and y-axis of the coil is aligned and the duty
cycle of two switches is 0.4, the curves of transmit coil current
and output voltage with transfer distance are shown in Fig. 8.

From Fig. 8, it can be seen that when the transmission distance
is 5 cm, the output voltage is the highest. This is because a closer
transmission distance will result in the loss of ZVS, while a
further distance will result in a smaller mutual inductance.

The curves of transmit coil current and output voltage with
load under constant mutual inductance (M; = 2.4 yH, My =
3.57 pH) and duty cycle (D; = Dy = 0.4) are shown in Fig. 9.

As can be seen from Fig. 9, when the load is swept from 30 to
80 €2, the output voltage fluctuates within a range of 5%, and the
larger the load resistance, the more constant the output voltage.

For the determined duty cycle (D1 = 0.5, Do = 0.3), the
fluctuation of output voltage when the system faces with both
misalignment (After that the misalignment is all in x-axis) and
load variation is given, as shown in Fig. 10. It can be seen
from Fig. 10 that the larger resistive load, the greater impact
of misalignment distance on the output voltage. In addition,
the larger the misalignment distance, the smaller impact on the
output voltage when the load changes. Therefore, load changes
need to be considered in parameter design.

Moreover, when the load changes from 30 to 80 €2 and the
misalignment distance from 0 to 10 cm, the output voltage varies
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from 40 to 73 V at the duty cycle of 0.4. In order to achieve
a constant voltage of 50 V, the output voltage varies between
—23 V and 10 V, i.e., the system needs to have a regulation
capability of 27-60 V.

C. Analysis of the ZVS Operation

In order to achieve the ZV'S operation for the low side and high
side switches, it is necessary to optimize the capacitance of Ct1,
Cr2, and Cs. Since the voltage on Cs is approximately rectangu-
lar wave, to achieve a smaller reactive power circulation, Crs is
required to compensate part of Lo, thus presenting an inductive
impedance. This inductance presented after compensation is
defined as Lo, which needs to meet

UcraMs
VPR
where P, is output power of the system.
In addition, C5 can be expressed as
B 1
w2 (LTQ — LQ) '
However, too large L, will lead to more reactive power in
the circuit, which will affect the system output power, so it is

only necessary to meet (18) and (19) under the maximum mutual
inductance Ms during design. Setting the current i;, 1 (d7T) and

Lo

Y

(18)

Cro (19)
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ir,72(dT) are less than zero, the conditions for achieving ZVS
can be derived. Here, the energy approach is used for design.

According to the theoretical analysis, the energy of the in-
ductor is greater than the energy of the capacitor Ct; and Cs in
the dead time, which can realize the ZVS of the two switches.
Therefore, the condition can be obtained as follow in (20).

When the duty cycle is fixed, the relationship between energy
and capacitors is shown in Fig. 11.

As can be seen from Fig. 11, the capacitor energy is less than
the inductor energy when the capacitors Ct; and Cy are in the
available range, which can achieve reliable ZVS

1 . .
Wy, = 3 (LTMLT1(0)2 + L2'LLT2(O)2> >

1
We = 3 (CZUE'T2 + Cr1Ug, + Cr1(Uce — Udc)z) (20)

where Wr, and W are the energy of inductors and capacitors,
respectively.

Fig. 12 shows the voltage waveform of the switches Q; and
Q- with different capacitors Ct; and Co at constant duty cycle.
It can be seen that with the increase of capacitance, the ZVS
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Fig. 13.  Flow chart of parameter design.

margin becomes smaller, and it is difficult for the low side switch
to realize ZVS than the high side switch.

D. Parameter Design

According to the abovementioned analysis, the parameter
design process of the two-coil driving circuit is summarized
and shown in Fig. 13.

First, the parameters of the transmitting and receiving coils
and the input and output voltages need to be given. Second, based
on the actual coils to determine the transmission distance, and
the variation range of misalignment distance (md) and mutual
inductance (M1, M>). Third, the duty cycle of the switches is de-
termined according to the variation range of mutual inductance
to ensure the constant output voltage. Then, the capacitor Cy can
be obtained by Ly, and the capacitor Crs can be determined by
(19). Next, the capacitors Ct; and Cs need to satisty (20) and
can be obtained from Fig. 11 to achieve ZVS. Finally, the clamp
capacitor C. is designed by switch voltage stress to achieve
optimal cost.

In this article, the two-coil driving circuit is applied to portable
devices, i.e., wireless charging for one or more devices such as
computers, tablets, phones, and headphones. With the measured
coils parameter, the relationship between D1, Dy and output
voltage is given, as shown in Fig. 14. [Light green is the area
where the duty cycle is not applicable, and the dead time duty
cycle is half of (1-D;-D5)]. It can be seen from Fig. 14 that
the output voltage is positively correlated with the duty cycle of
the low side switch at constant mutual inductor, so the voltage
can be adjusted only by changing the duty cycle of the low side
switch.

From Fig. 14 that the voltage variation range is between 27 V
and 72 V, which can meet the voltage variation shown in Fig. 10.
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The duty cycle of the low side switch can be adjusted from 0.2
to 0.48 along the black line to achieve a constant output voltage.

Based on the design process in Fig. 13, the parameters of
the proposed circuit are given and listed in Table 1. (The coil
parameters are the measured value.)

IV. SIMULATION AND EXPERIMENT VERIFICATION

According to the parameters listed in Table I, the simulation
shows that the relationship of output voltage with the change of
misalignment distance and duty cycle of low side switch is, as
shown in Fig. 15.

The area between the dotted lines is the 5% output fluctuation
region. As can be seen in Fig. 15, with a fixed duty cycle, a
misalignment distance between —3 cm and 7 cm can achieve an
output voltage within 5% fluctuation. In addition, with the low
side switch duty cycle changes between 0.4 and 0.6, the output
fluctuation can be achieved within 5% at the misalignment
distance from —6 to 10 cm.

In order to validate the proposed two-coil driving circuit and
the misalignment tolerance of the system, a 1 MHz wireless
power transfer prototype with 50 V constant voltage is built, as
shown in Fig. 16.
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(a) Low side switch. (b) High side switch.

Fig. 17(a) and (b) shows the gate driving and drain-source
voltage waveforms of the low side switch and the high side
switch when the Ly and Lo are well aligned.

At this time, the duty cycle of both low side switch and high
side switch is 0.4. It can be seen that both the low side and high
side switches achieve zero-voltage turn-ON, with about 210 V
switch voltage stress and 50 V output voltage, which meets the
design demand.

When the duty cycle remains constant, the relationship be-
tween the output voltage (U,) and the coil misalignment dis-
tance(md) at x-direction is shown in Table II.

As can be seen from Table II, when the coil is misaligned
in the positive direction, the output voltage first increases and
then decreases due to the increase of mutual inductance with
coil Lt1. When the coil is misaligned in negative direction, the
output voltage decreases with the increase of the misalignment
distance. In addition, the output voltage fluctuation within 5%
can be achieved within —3 to 6 cm coil misalignment distance.
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TABLE II
OUTPUT VOLTAGE WITH MISALIGNMENT DISTANCE
md(cm) -6 -4 -2 0
Us(V) 314 425 47.9 50
md(cm) 2 4 6 8
Us(V) 51.6 50.8 48 41.1
ToPgme M 400gs. . .
. Foom Factor 20 Toom Position. 1105
- 47V
u25VIdiv L ua(100V/div)
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#(200ns/div)
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Fig. 18.  ZVS waveform of low side switch with 6 cm coil misalignment.
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Fig. 19. Two transmitting coil currents and capacitor voltage.

When the coil misalignment distance is about 6 cm, the ZVS
waveform of the low side switch is shown in Fig. 18. It can
be seen from that both the ZVS margin and the switch voltage
stress increase after coil misalignment, and the output voltage
decreases by 5% at a misalignment distance of 6 cm.

Besides, the two transmitting coil currents and the voltage
of the capacitor Cr; are shown in Fig. 19. It can be seen
that the experimental waveform is basically consistent with the
theoretical waveform in Fig. 2, which verifies the correctness of
the topology and analysis.

In order to achieve a constant output voltage with coil mis-
alignment, the duty cycle of the two switches is adjusted with
a fixed dead time, e.g., a dead time of 0.1 T. When the coil
misalignment distance is 6 cm, the output voltage and switch
duty are shown in Fig. 20. It can be seen that the output voltage
is stable at about 50 V, when the duty cycle of the low side switch
and the high side switch are about 0.45 and 0.35, respectively,
and the switch voltage stress becomes larger as the duty cycle
of the low side switch increases.

When the coil misalignment distance is 9 cm, the output
voltage and low side switch duty cycle waveforms can also be
obtained, as shown in Fig. 21. It shows that the output voltage
is still 50 V when the coil misalignment distance is 9 cm, and
the switch achieves ZVS with a switch voltage stress of 350 V.
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TABLE III

CHARACTERISTICS OF WPT SYSTEM AT DIFFERENT COIL

MISALIGNMENT DISTANCES

Misalignment Mutual Mutual .
) . ) Efficiency
distance inductance(M;)  inductance(M,)
-6 cm 0.3 uH 2.6 uH 84.5%
-4 cm 0.3 uH 3.71 uH 87.3%
-2cm 0.16 uH 4.58 uH 87.9%
0 0.5 uH 4.92 uH 88.7%

2 cm 1.25 yH 4.45 uH 89.4%
4 cm 2.4 uH 3.57 uH 89%
6 cm 4.07 uH 2.45 uH 88.3%
8 cm 4.68 uH 1.47 uH 87.1%
10 cm 5.15 uH 0.58 uH 85.2%

The experimental results show that when the low side switch
duty cycle is adjusted between 0.4 and 0.6, the output volt-
age fluctuation within 5% can be achieved within —6 cm to
10 cm coil misalignment distance. Reliable ZVS can be achieved
within the range of —6 cm to 10 cm. This is because the entire
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TABLE IV
PERFORMANCE COMPARISON WITH OTHER APPROACHES

Coil Coil Number of  Compensatio Efficiency Misalignment Output Load Limitation
type size(cm) switches n component and power range(cm) fluctuation ~ change  of the coils
/coils (percentage) current

Proposed BP 25x15 2(3) 3 89.4%/80W -6~+10(40%) 5% cv Yes
[10] QDQ 40x40 4(4) 8 93.9%/3.5kW 115 (37.5%) 5% cv Yes
[24] DD 73.8%39.1 4(4) 6 94%/33kW  8+12 (16.3%) 5% cC Yes
[25] DD 73.8%39.1 4(4) 8 9L5%/3.3kW 115 (38.4%) 10% cC No
[26] IPTS 90x110 4(4) 5 75%/15kW +40 (36.4%) 29% cc No
[27] DD 45%45 4(4) 6 94.8%/3.7kW 115 (33.3%) 43.2% No Yes
[28] TCC  Diameter=42 4(3) 4 90.1%/680W +10 (23.8%) 39.26% 0% Yes
[29] BP 60x60 4(4) 5 96.7%/3.3kW +30 (50%) 5% cC Yes
[30] Multi 28x28 4(3) 3 81%/200W +14 (50%) 8.6% cC No
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0 20 m %0 0 - < 080 Fig. 23.  Output voltage and switch duty cycle with coil aligned.
R(Q)
f}lféiezz' Output voltage and efficiency of the system at constant duty For the proposed circuit, the switch voltage stress remains

misalignment distance can achieve ZVS is taken into account
when designing Cs and Crp;.

When the output voltage fluctuates within 5%, the character-
istics of WPT system at different misalignment distances are
shown in Table III.

As can be seen from Table III, the maximum efficiency of the
system is about 89.4%, which occurs at the position of 2 cm of
misalignment distance. In addition, when the load is swept from
30 to 80 2, the output voltage and efficiency of the system at
constant duty cycle is shown in Fig. 22.

As shown in Fig. 22, the output voltage remains basically
constant as the load resistance varies between 30 and 80 €2, while
the efficiency decreases as the load resistance increases. This is
because as the load resistance increases, the power gradually
decreases, while the coil current changes slightly, resulting in
a decrease in efficiency. Therefore, when the load resistance
changes, the switch duty cycle only needs to be adjusted slightly
to achieve the constant output voltage. In addition, ZVS can be
achieved when the load resistance is greater than 25 2. And the
larger the resistance, the easier it is to achieve ZVS.

unchanged without changing the input voltage and duty cycle,
so higher power output can be achieved according to design
needs.

When the circuit parameters remain unchanged, the coil
aligned, and the duty cycle of Q; is increased from 0.4 to 0.5,
the out power can reach 120 W and its waveform is given in
Fig. 23.

In order to present the superiority of the proposed two-coil
driving circuit in terms of misalignment tolerance and compo-
nent count, the proposed circuit has been compared with other
approaches, as shown in Table IV.

It can be seen from Table IV that the proposed scheme has low
component count, i.e., switches, coils, and compensation com-
ponent. Generally speaking, the higher the power, the higher the
efficiency will be relatively, because the inherent losses account
for a smaller percentage. At the same power level, compared with
[28] and [30], this proposed circuit has a significant advantage
in efficiency. Moreover, compared with the methods [10], [24],
[25], [26], [27], [28], the proposed approach in this article has
better misalignment tolerance, and the output can achieve load
independent. Compared with [29], [30], the proposed approach
has a little bit smaller misalignment range, but has few switches
and coils.
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V. CONCLUSION

In this article, a WPT system with a two-coil driving circuit is
proposed for high misalignment tolerance and low component
count. Adopting two decoupled coils as the bipolar transmitter,
the proposed circuit can control each coil individually for power
distribution, thus ensuring a fixed total output voltage against
high misalignment. The design approach is given in the paper
for reliable ZVS with a wide range of coil misalignment and
load variations. Experimental results show that a constant output
voltage can be achieved with a coil misalignment of —6 cm to
10 cm, when the duty cycle of the switches only needs to change
from 0.4 to 0.6.

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

REFERENCES

Y. Yao, Y. Wang, X. Liu, F. Lin, and D. Xu, “A novel parameter tuning
method for a double-sided LCL compensated WPT system with bet-
ter comprehensive performance,” IEEE Trans. Power Electron., vol. 33,
no. 10, pp. 8525-8536, Oct. 2018.

Y. Chen, S. He, B. Yang, S. Chen, Z. He, and R. Mai, “Reconfigurable
rectifier-based detuned series-series compensated IPT system for anti-
misalignment and efficiency improvement,” IEEE Trans. Power Electron.,
vol. 38, no. 2, pp. 2720-2729, Feb. 2023.

Y. Bi et al., “Modified deadbeat predictive current control method for
single-phase AC-DC PFC converter in EV charging system,” I[EEE Trans.
Ind. Electron., vol. 70, no. 1, pp. 286-297, Jan. 2023.

J. Feng, Q. Li, F. C. Lee, and M. Fu, “Transmitter coils design for free-
positioning omnidirectional wireless power transfer system,” IEEE Trans.
Ind. Inform., vol. 15, no. 8, pp. 4656-4664, Aug. 2019.

C. Liu, C. Jiang, J. Song, and K. T. Chau, “An effective sandwiched
wireless power transfer system for charging implantable cardiac pace-
maker,” IEEE Trans. Ind. Electron., vol. 66, no. 5, pp.4108-4117,
May 2019.

Z. Wei, B. Zhang, S. Lin, and C. Wang, “A self-oscillation WPT system
with high misalignment tolerance,” IEEE Trans. Power Electron., to be
published, doi: 10.1109/TPEL.2023.3327096.

K. Song et al., “A rotation-lightweight wireless power transfer system
for solar wing driving,” IEEE Trans. Power Electron., vol. 34, no. 9,
pp. 88168830, Sep. 2019.

T. Kan, R. Mai, P. P. Mercier, and C. C. Mi, “Design and analysis of a three-
phase wireless charging system for lightweight autonomous underwater
vehicles,” IEEE Trans. Power Electron., vol. 33, no. 8, pp. 6622-6632,
Aug. 2018.

M. Itraj and W. Ettes, “Topology study for an inductive power transmitter
for cordless kitchen appliances,” in Proc. IEEE PELS Workshop Emerg.
Technol., Wireless Power Transfer, 2018, pp. 1-8.

Y. Chen et al., “A hybrid inductive power transfer system with misalign-
ment tolerance using quadruple-D quadrature pads,” IEEE Trans. Power
Electron., vol. 35, no. 6, pp. 6039-6049, Jun. 2020.

Y. Chen et al, “A clamp circuit-based inductive power trans-
fer system with reconfigurable rectifier tolerating extensive cou-
pling variations,” IEEE Trans. Power Electron., to be published,
doi: 10.1109/TPEL.2023.3303487.

H. Pang, K. T. Chau, W. Han, W. Liu, and Z. Zhang, “Decoupled-double
D coils based dual-resonating-frequency compensation topology for wire-
less power transfer,” IEEE Trans. Magn., vol. 58, no. 2, Feb. 2022,
Art. no. 8000407.

M. Budhia, J. T. Boys, G. A. Covic, and C.-Y. Huang, “Development
of a single-sided flux magnetic coupler for electric vehicle IPT charg-
ing systems,” IEEE Trans. Ind. Electron., vol. 60, no. 1, pp. 318-328,
Jan. 2013.

A. Zaheer, H. Hao, G. A. Covic, and D. Kacprzak, “Investigation of
multiple decoupled coil primary pad topologies in lumped IPT systems
for interoperable electric vehicle charging,” IEEE Trans. Power Electron.,
vol. 30, no. 4, pp. 1937-1955, Apr. 2015.

A. Ahmad, M. S. Alam, and A. A. S. Mohamed, “Design and interoperabil-
ity analysis of quadruple pad structure for electric vehicle wireless charging
application,” IEEE Trans. Transp. Electrific., vol. 5, no. 4, pp. 934-945,
Dec. 2019.

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

3785

G. Ke, Q. Chen, W. Gao, S.-C. Wong, C. K. Tse, and Z. Zhang, “Re-
search on IPT resonant converters with high misalignment tolerance using
multicoil receiver set,” IEEE Trans. Power Electron., vol. 35, no. 4,
pp. 3697-3712, Apr. 2020.

S. Kim, G. A. Covic, and J. T. Boys, “Tripolar pad for inductive power
transfer systems for EV charging,” IEEE Trans. Power Electron., vol. 32,
no. 7, pp. 5045-5057, Jul. 2017.

Y. Li, T. Lin, R. Mai, L. Huang, and Z. He, “Compact double-sided de-
coupled coils-based WPT systems for high-power applications: Analysis,
design, and experimental verification,” IEEE Trans. Transp. Electrific.,
vol. 4, no. 1, pp. 64-75, Mar. 2018.

C. Zhu and W. Zhong, “Small-signal modeling and decoupling control
method of modular WPT systems,” IEEE Trans. Power Electron., vol. 38,
no. 6, pp. 7863-7876, Jun. 2023, doi: 10.1109/TPEL.2023.3244161.

Q. Zhang et al., “Research on input-parallel single-switch wireless power
transfer system with constant-current and constant-voltage output,” IEEE
Trans. Power Electron., vol. 37, no. 4, pp. 4817-4830, Apr. 2022.
X.Zhang, Y. Zhang, Z. Zhang, and M. Li, “Mode conversion and structure
optimization of quadrature coils for electric vehicles wireless power trans-
fer,” IEEE Trans. Energy Convers., vol. 35, no. 2, pp. 575-590, Jun. 2020.
X. Qu, Y. Yao, D. Wang, S.-C. Wong, and C. K. Tse, “A family of
hybrid IPT topologies with near load-independent output and high tol-
erance to pad misalignment,” IEEE Trans. Power Electron., vol. 35, no. 7,
pp. 6867-6877, Jul. 2020.

X.-J. Ge, Y. Sun, Z.-H. Wang, and C.-S. Tang, “Dual-independent-output
inverter for dynamic wireless power transfer system,” IEEE Access, vol. 7,
pp. 107320-107333, 2019.

L. Zhao, D. J. Thrimawithana, U. K. Madawala, A. P. Hu, and C. C.
Mi, “A misalignment-tolerant series-hybrid wireless EV charging system
with integrated magnetics,” IEEE Trans. Power Electron., vol. 34, no. 2,
pp. 1276-1285, Feb. 2019.

L. Zhao, D. J. Thrimawithana, and U. K. Madawala, “Hybrid bidirectional
wireless EV charging system tolerant to pad misalignment,” /[EEE Trans.
Ind. Electron, vol. 64, no. 9, pp. 7079-7086, Sep. 2017.

S.Y. Choi,J. Huh, W. Y. Lee, and C. T. Rim, “Asymmetric coil sets for wire-
less stationary EV chargers with large lateral tolerance by dominant field
analysis,” IEEE Trans. Power Electron., vol. 29, no. 12, pp. 6406—-6420,
Dec. 2014.

F. Lu, H. Zhang, H. Hofmann, W. Su, and C. C. Mi, “A dual-coupled
LCC-compensated IPT system with a compact magnetic coupler,” IEEE
Trans. Power Electron., vol. 33, no. 7, pp. 6391-6402, Jul. 2018.
C.Zhang, Y. Yao, and Y. Wang, “Decoupling optimization of the three-coil
coupler for IPT system featuring high efficiency and misalignment toler-
ance,” IEEE Trans. Ind. Electron.,vol. 70,n0.9, pp. 8918-8927, Sep. 2023,
doi: 10.1109/TIE.2022.3215831.

G. Li, Z. Yao, S. Luo, and H. Ma, “A hybrid IPT system implementing
misalignment tolerance and constant current output with primary inter-
mediate coil,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 10, no. 6,
pp. 7797-7807, Dec. 2022.

Z. Yuan, M. Saeedifard, C. Cai, Q. Yang, P. Zhang, and H. Lin, “A mis-
alignment tolerant design for a dual-coupled LCC-S-compensated WPT
system with load-independent CC output,” IEEE Trans. Power Electron.,
vol. 37, no. 6, pp. 7480-7492, Jun. 2022.

Houji Li (Student Member, IEEE) was born in Ta-
ian, China, in 1996. He received the B.S. and M.S.
degrees from Qingdao University, Qingdao, China, in
2017 and 2020, respectively. He is currently working
toward the Ph.D. degree with Shanghai Jiao Tong Uni-
versity, Shanghai, China, all in electrical engineering.

His current research interests include wireless
power transfer and high frequency power electronics.

Dr. Li was the recipient of the Best Student Paper
Prize of IEEE WoW in 2021.


https://dx.doi.org/10.1109/TPEL.2023.3327096
https://dx.doi.org/10.1109/TPEL.2023.3303487
https://dx.doi.org/10.1109/TPEL.2023.3244161
https://dx.doi.org/10.1109/TIE.2022.3215831

3786

Zhan Liu (Student Member, IEEE) was born in
Xuchang, China, in 1999. He received the B.S. degree
from Harbin Institute of Technology, Harbin, China,
in 2020. He is currently working toward the M.S.
degree with Shanghai Jiao Tong University, Shanghai,
China, both in electrical engineering.

His current research interests include MHz in-
ductive power transfer and high frequency magnetic
component fabrication.

Bo Pan was born in Shaoxing, China, in 1990.
He received the B.S. degree from Jinan University,
Guangzhou, China, in 2013, and the M.S. degree from
Shanghai Maritime University, Shanghai, China, in
2016. He is currently working toward the Ph.D. de-
gree with Shanghai Jiao Tong University, Shanghai,
China, all in electrical engineering.

He is currently with Shanghai Aerospace Technol-
ogy Research Institute. His current research interests
include aerospace project management and wireless
power transfer.

Wei Liu (Graduate Student Member, IEEE) received
the B.Sc. degree from the Changsha University of
Science and Technology, Changsha, China, in 2019,
and the M.S. degree from Southwest Jiao Tong Uni-
versity, Chengdu, China, in 2019. He is currently
working toward the Ph.D degree with Shanghai Jiao
Tong University, Shanghai, China, all in electrical
engineering.

His main research interest includes on high-
frequency power converter circuits.

Jian Wang received the B.S. degree in electrical
engineering from North China Electric Power Uni-
versity, Beijing, China, in 2018. She is currently
working toward the Ph.D. degree with the Depart-
ment of Electrical Engineering, Shanghai Jiao Tong
University, Shanghai, China. She is currently working
toward the Ph.D. degree with the Energy Department,
Politecnico di Milano, Milan, Italy.

Her research interests include optimal operation of
virtual power plant and integrated energy system.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 3, MARCH 2024

Ming Liu (Senior Member, IEEE) received the B.S.
degree in mechatronic engineering from Sichuan Uni-
versity, Chengdu, China, in 2007, and the Ph.D. de-
gree in electrical and computer engineering from the
University of Michigan-Shanghai Jiao Tong Univer-
sity Joint Institute, Shanghai Jiao Tong University,
Shanghai, China, in 2017.

From 2017 to 2020, he was a Postdoctoral Research
Fellow with the Department of Electrical Engineer-
ing, Princeton University, Princeton, NJ, USA. In
2020, he was with the School of Electronic Infor-
mation and Electrical Engineering, Shanghai Jiao Tong University, where he is
currently an Associate Professor of electrical engineering. His research interests
include megahertz wireless power transfer, battery management systems, and
high frequency high performance power electronics for emerging applications.

Dr. Liu was the recipient of the Top Ten Academic Star Award and the
Excellent Ph.D. Thesis Award Nomination from the Shanghai Jiao Tong Univer-
sity, in 2016 and 2018, the Research Excellence Award from AirFuel Alliance,
USA, in 2019, the Best Paper Award of IEEE Energy Conversion Congress
and Exposition-Asia in 2020, and the Best Student Paper Prize of IEEE WoW in
2021 with his student. He is the Chair of the Wireless Power Transfer for Energy
Storage Charging Subcommittee of Energy Storage Technical Committee, IEEE
Industrial Electronics Society.

Yong Wang (Member, IEEE) received the Ph.D. de-
gree in power electronics from Zhejiang university,
Hangzhou, China, in 2005.

From 2005 to 2008, he was a Senior Researcher
in Samsung Advanced Institute of Technology, Su-
won, South Korea, working on the fuel cell grid tied
inverter. From 2008 to 2010, he was with Danfoss
Solar Inverters, Soenderborg, Denmark, as a power
electronics Hardware Engineer. In the year 2010, he
was with Shanghai Jiao Tong University, Shanghai,
China, where he is currently a Full Professor with
the Department of Electrical Engineering. His main research interests include
grid-tied inverter technology, high frequency dc—dc converter based on wide
bandgap devices applied in EV, and wireless power transfer.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


