11694

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023
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Abstract—Misalignment issue is almost inevitable in an inductive
power transfer (IPT) system, leading to unstable power transfer
due to the coupling variations. In order to improve the flexibility of
the IPT system, the misalignment range of stable power output is
desired to be as large as possible. This article proposes a clamped
IPT system to improve antimisalignment ability based on the dual-
mode operation. The clamped circuit is constructed with a coil and a
rectifier connected to the input dc terminal of the inverter. With the
effect of the clamped circuit, the operating mode of the system can
be adaptively switched to match the required coupling variation
region without coupling identification, output detection, or feed-
back communication. Then, the analysis and parametric design of
the system are elaborated. Finally, a 480-W experimental setup was
built to verify the feasibility of the proposed method. Experimental
results show that the proposed method can maintain stable output
power between 440 and 480 W with the coupling varying from 0.14
to 0.39, while the efficiency is from 83.22% to 93.55%.

Index Terms—Clamped circuit, coupling variation, inductive
power transfer (IPT), parameters design, stable power transfer.

I. INTRODUCTION

URRENTLY, the inductive power transfer (IPT) technique

has been used in many applications due to its attractive
advantages, such as flexibility, convenience, safety, and user-
friendliness. As one of the key indicators to evaluate system
reliability, the misalignment tolerance ability of the IPT system
has drawn much attention from researchers.

To restrain the fluctuation of the power, acommon method is to
introduce a control strategy into the IPT system so that the dc-dc
converter, full-bridge inverter, and active rectifier can realize the
desired misalignment insensitive output [1], [2], [3]. Besides, a
variable inductor is proposed to keep the output stable versus
misalignment [4], [5]. However, the controller may suffer from
an extensive range of modulation depth with a large coupling
variation, resulting in a decline in stability and efficiency [6].
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Moreover, multivariable control strategies are proposed to im-
prove the antimisalignment performance [7]. However, more
control variables increase the system’s complexity. Although the
control strategy is an effective and active approach to address-
ing the misalignment problem, output detection and wireless
communication are required.

In order to simplify the complexity of the system, many
researchers have advocated improving misalignment tolerance
by employing the inherent characteristic of the IPT system,
including the design of coils [8], [9], [10] and topologies [11],
[12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22]. For
the design of coils, many magnetic couplers are proposed to
stabilize the system output when misalignment occurs, such as
the asymmetric coil [8], three-coil structure [9], and double-D
coil [10]. The principle of coils design is to maintain the coupling
coefficient stable so that the misalignment ability of the system
is improved in one or two directions.

As an alternative solution, topology design methods are pro-
posed, including hybrid topologies, and detuned topologies. The
concept of hybrid topology was previously introduced by Zhao
et al. [11]. With the interaction of two topologies with opposite
output trends to pad misalignment, the total transfer power can
maintain relatively constant. Similar approaches were proposed
and expanded in [12] and [13]. Furthermore, Qu et al. [14]
construct a family of hybrid topologies and synthetically analyze
the design principles and characteristics for all hybrid topology
systems. Usually, the hybrid topologies formed by LCC-LCC
and S-S topologies [11] or S-LCC and LCC-S topologies [12]
are employed to achieve a higher misalignment tolerance. Since
the unique feature of merging with two compensation topolo-
gies, the complexity and high cost are inevitable. By contrast,
the detuned circuit is simpler. Through the special design of
compensation parameters, the primary current can be adaptively
adjusted to obtain stable transfer power versus the coupling vari-
ation. There are a lot of works recording the antimisalignment
performance of different detuned circuits. And a series of high-
order compensation topologies with optimized parameters are
proposed to ensure high misalignment tolerance, such as S-S [7],
S-SP [15], LCC-S [16], S-CLC [17], double-T [18], and X-type
topology [19]. Besides, a family of compensation topologies
with secondary parallel compensation is proven to have strong
misalignment tolerances [20]. However, the allowable coupling
variation of this method needs to be further developed.

As we know, the profile of transfer power versus coupling
variation (P-k profile) is determined once the parameters of the
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circuit are designed. To extend the misalignment distance, the re-
configurable IPT system with multimode operation is proposed
[211,[22],[23], [24]. With the assistance of extra coils or reactive
elements with active switching devices, the circuit structure can
be changed to adjust the P-k profile so that the desired output
power can be obtained within a larger coupling range. A detuned
reconfigurable topology is proposed in [21], which utilizes a
switch to convert between the detuned LCC-S topology and
the detuned S-S topology so that stable power can be obtained
within the coupling range of (0.1-0.25). In [22], areconfigurable
resonant coil is employed to widen the range of coupling based
on the complementary power profile of different coils. Besides,
a reconfigurable topology combining the S-S and LCCC-S
topologies is proposed to enhance power transfer capability
and tolerate weak couplings [23]. Moreover, a reconfigurable
rectifier-based detuned S-S compensated IPT system is proposed
to tolerate an extensive coupling [24]. Although stable power
transfer is achieved chiefly, accurate coupling identification (or
output detection) and feedback communication are required,
increasing control circuit complexity and reducing the system
reliability. If the system can match the operation mode adaptively
according to the coupling, the system’s reliability, ruggedness,
and applicability will be further enhanced.

In the past, the diode clamping circuit has attracted the atten-
tion of some scholars due to its adaptive on-and-off character-
istics. In [25], a half-bridge CLC-S IPT system with clamping
diodes is used for primary coil disconnection protection, soft-
start, and short-circuit protection. Moreover, The IPT system
with primary [26] and secondary [27] diode clamping circuit
were proposed to adaptively regulate the operation mode for
battery charging. However, these methods are only proposed on
the condition of a fixed coupling coefficient.

To address the above-mentioned issue, a clamped IPT system
is proposed to enhance the misalignment tolerance in this article.
With the assistance of the primary clamp circuit, the operation
modes of the system can adaptively alter from one to the other
without detection or feedback communication devices. Besides,
a parameter design method taking account of dual-mode is
proposed to maintain stable power output in the misalignment
case. With the cooperation of different operation modes, the
system can obtain a strong antimisalignment capacity.

The rest of this article is organized as follows. The analysis of
the clamped IPT system is described in Section II. A parametric
design criterion is presented in Section III. In Section IV, a
480 W prototype was constructed to verify the theoretical anal-
ysis. Finally, the conclusion is drawn in Section V.

II. THEORETICAL ANALYSIS

The proposed clamped IPT system is shown in Fig. 1, consist-
ing of a power input loop, a power output loop, and a clamp loop.
The corresponding current is expressed in each loop by 7,, I,
and /., respectively. X, X, and X are the equivalent reactance
of each loop, which are given as follows:

X, =wL¢ +wL, —1/wC,
Xy =wLy —1/wC; (1
X, =wlLe — 1/wC,
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Fig. 1. Clamped IPT system.

where w is the angular frequency, C,, Cs, and C. are the
compensation capacitor of each loop, L, (L.,,) and L, (L) are
the self-inductances of the loosely coupled transformer (clamp
transformer). And C; is used to compensate the self-inductance
L, fully, i.e., X; = 0.

E is the input dc voltage of the inverter (Q,,; — Qp4) and the
output dc voltage of the rectifier (D.; — D). V), is the output ac
voltage of the inverter (Q,7 — Qpy). Vs (Roc) and V. (Rq.) are
used to represent the ac input voltage (the equivalent ac loads)
of the rectifier constituted by (Ds; — Dgy) and (Dc; — Dcy). Z,
is the output impedance of the system reflected in the clamped
circuit. R is the dc load of the rectifier (Ds; — D). According to
Kirchhoff’s voltage law, the system can be described as follows:

Vo =i XpI, — jwMI, + jwM I,

Vs = Ryl :jWMIpijsIs (2)

Vo= Reqc]c = jWMCIp + chIc
where M (M) is the mutual inductance of the loosely coupled
transformer (clamp transformer), which can be expressed by
M = k./L,Ls and k represents the coupling coefficient of the
loosely coupled transformer.

The relationship between E and V), R and R,. can be ex-
pressed as follows [21]:

E =V,V21/4, Rye = 8R/7°. 3)

For the clamped loop, there are three operation modes [26]:
the turned-OFF mode, the partly activated mode, and the fully
active mode. The analysis of the different modes is given as
follows.

A. Analysis of Turned-Off or Partly Activated Mode

Assumed that the clamped loop is turned OFF, the rectifier
bridge (D.; — D;) cannot be conducted, and the current /. in
the clamp loop will be considered as zero, as follows:

1.=0(V2|Vi < E). )

In this case, the system can be considered as a detuned S-S
topology, as Fig. 2. Then, (2) can be described as follows:

{Vp = jX,I, — juMI,

5
0= —jwMI, + Ry.Is + j X1 ©)
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Fig. 3. Curve of the output power P,; in the turned-OFF or partly activated

mode, where Piax1 is the maximum output power, Kpmqqz1 is the correspond-
ing coupling coefficient, Pyyin1 is presumed minimum output power, and the
corresponding couplings are kmin1 and kmax1-

Substituting X; = 0 and (4) into (5), I,, and I can be obtained
as follows:

VpRac(LpLow?k?—jX,Rac)

I, = XZR2 F+L2L2w k? ©)
I Vpr/LpLswk(XpRac+jLyLew?k?)
s = X2R2 +L2L20 kA

From (6), the input impedance Z;,, and the input impedance
angle 6 can be derived as follows:

1% L,Lsw?k? .
Zin =10 = 7R +JXp
8 (7
_ XpRac ’
0 = arctan (7Lpst2k2)

Moreover, the output power P,; can be calculated as (8),
which can be viewed as a function of the coupling k, and the
corresponding curve is depicted in Fig. 3.

V2Ruew? Ly Lok?

P,y (k) = |I.|*R,. = )
1 (k) = 14| X2R2, + L2L2w

®)

Setting the derivative of P,; to zero, i.e., dP,;/dk = 0, the
coupling coefficient k4,1 corresponding to the maximum
output power Py,,x1 can be solved as follows:

XpRac

w2L,Ly ©)

kp max 1 —

Substituting (9) into (8), the maximum output power Pax1
can be given as follows:

2
Vo
2X,
Then, the presumed minimum output power P,,;, 1 satisfies

Pminl :Pol (kminl):Pol (kmaxl)- (]1)

A variable (3 is defined to describe the power fluctuation, i.e.,

Rnax 1= (10)

Pmaxl _Pminl

B:Pmax1+Pminl.

12)
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Fig. 4. Controlled source equivalent circuit of the clamp loop.
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Fig. 5. Viy_amp profile versus the coupling k.

Substituting (12) into (10), Pmin1 can be calculated as follows:
2
2X, (1+ )

Substituting (13) into (8), kynins and k.47 can be obtained
as follows:

Pminl = (13)

XpRae(1-VB)
w?L, Lo (1+VB)
XpRae(1+vB)
w?L, L. (1-vB)

kmin 1=

(14)

kmax 1=

B. Analysis of the Transformation Process

1) First Critical Coupling Coefficient: Fig. 4 shows the con-
trolled source equivalent circuit of the clamp loop in the clamped
IPT system. With the effect of the clamp transformer, the induced
voltage V;, generated from the primary loop current, and the
corresponding amplitude V;,_qm, can be calculated as shown
in the following equation:

_ VpwMcRac(XpRact+jiLyLswk?)

Vviv = chIp = X3R3C+L2L§w4k4
2V2w2MZR2, (5)
Viv_amp = V2|Vio| = \| xzpbsrzrzoim

Because the clamp loop is in a turn-OFF state, Vi, and Vi,_amyp
are also equal to V. and the corresponding amplitude V. 4.
When the IPT system has the misalignment issue, the coupling
coefficient k will decrease, and Vi, _qmp Will increase according
to (15), which can be drawn in Fig. 5. Once Vi, amp(Ve amp)
is more than E, the rectifier (D.; — D) will be activated.
Hence, letting V;, qmp = E and combining (3) and (15), the
corresponding critical coupling coefficient k.1 can be calculated
as follows:

16M2R2,
2w L2172 a

X2R2,

iy272"
wLy L3

ke = ¢ (16)

2) Second Critical Coupling Coefficient: Assumed that the
clamped loop is opportunely fully activated, the relationship
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Fig. 6. Equivalent circuit with the external power.

between E and V. satisfies

V.=V, =2V2E/r. a17)
And the corresponding amplitude V.4, can be expressed as
follows:
‘/(:_a,mp = \/évp = 4E/7T (18)
Theoretically, under ideal conditions where there are no har-
monics in the system, the clamped circuit can be fully activated
when V;,_qmp > 4E/m. Substituting (18) into (15), the second
critical coupling coefficient k. can be expressed as follows:

M2 R2
4 CR(IC
27272
w2Ly Ly

XZ2R2,

kea = - .
? w22

19)

However, the harmonics are not evitable because of the nonsi-
nusoidal inverter output voltage and rectifier input voltage. Due
to the effect of harmonic current [28], [29], the rectifier bridge
(D¢; — D.y) may operate in a discontinuous conduction mode
(DCM) even Vi,_qmp > 4E/m. Namely, suppose the coupling
coefficient k is slightly less than k.o in practice, the clamped
circuit may still be partly activated.

3) Third Critical Coupling Coefficient: According to the
work in [28] and [29], the boundary of the critical mode between
DCM and continuous conduction mode (CCM) can be given as
follows:

TRegee/4 = w nlliinx Zeam+1)/ 2m 4+ 1) w (20)
where R, is the critical equivalent ac load of the rectifier
constituted by D.; — D, between DCM and CCM, Z (2. 1)
is the high-frequency output impedance of the clamped IPT
system reflected in the clamped circuit, which can be obtained
as follows.

Because the output impedance is the same as the Thevenin
equivalent at the output terminals, thus, we can simplify the
circuit to solve the output impedance based on the external
excitation method [30]. First, the independent power should be
set to zero, namely the independent square wave voltage source
of the primary loop should be short-circuited. Then, we can
add an external power V., to calculate the input impedance at
different frequencies w. Finally, the corresponding equivalent
circuit with external power can be described in Fig. 6, which
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Fig. 7. Simplified circuit.
can be described as follows:
0= jXp(Qm—'rl)Ip — j (2m -+ 1) CUMIS
15 (2m + 1) wM,I,
cHcC (21)

0=—j(2m+1)wMI, + i Xs@me)ls + Raels
Ve = j (2m + 1) wM.I), + ch(2m+l)Ic

where X, 2m41)» Xs(2m+1), and X, (omy1) are the equivalent
reactance of each loop when the angular frequency is (2m+-1)w.

Then, Z.(2m+1) canbe calculated as given in (22) shown at the
bottom of the next page, by solving (21). Substituting (20) into
(2), the third critical coupling coefficient k.3 can be calculated
as (23) shown at the bottom of the next page.

Therefore, when the coupling coefficient & satisfies k.3< k <
k.1, the clamped circuit is partly activated. In this process, the
clamped loop current /. can be considered a very small value
[26]. We can approximatively regard the system as a detuned
S-S topology.

C. Analysis of Fully Activated Mode
When k < k.3, the clamped circuit is fully activated, and the
system can be simplified as shown in Fig. 7. Combining (2) and
(17), the system can be rewritten as
Vo =3 Xpl, — jwMIs + jwM I,
Vi=Rucls = jWMIp - szIs
‘/p = ReqcIc = jWMpr +]XPIC

(24)

Similarly, substituting X; = 0 into (24), the input impedance,
the input impedance angle, and the output power can be obtained
as follows:

w? M2(Roye—jXe)

_Vp _ LyL.w?k? .
Zin = 70 = T XZTRZ,, +iXp
9 t Rac(XPX3+XPquc7w2A43XC) (25)
= arctan E
LpLow?k?(X24+R2,,)+Rac Reqew? M2

P02 (k) = ‘Is|2Rac

V2Rye Ly Low? k(X — wM,)?
T R2(XpXe — w2M2)? + L2L2wHkA X2

(26)

From (26), the variation tendency of the output power P, is
similar to P,;, which can be depicted in Fig. 8 to distinguish
P,1. Setting the derivative of P, to zero, the maximum output
power Py,,.x2 and the corresponding coupling coefficient k42
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Prax2 is the maximum output power, kppmqz2 is the corresponding coupling
coefficient, Pmin2 is presumed minimum output power, and the corresponding
couplings are kmin2 and kmax2-

can be calculated as follows:

Rao(XpXo—w2M2)
W2X.L,L,
p VA Xe-wM)?
max2 — 9%, X2 2X . w2M2

kp max2 —

(27)
Moreover, the presumed minimum output power P,,;;, 2 satis-
fies

RninQ - Po2 (kmin2) - P02 (kmaXQ) .

Then, S also can be employed to describe the power fluctua-
tion in this case, namely

(28)

57 Pmax2 _Pmin2
B Pmax2 +Pmin2'

Similarly, Pyin2, Kmin2, and kpaxo can be calculated as fol-
lows:

(29)

P VEUA)(XemwM,)®
min2 — 2(14+8)(XpX2—X w2 M?2)

\/RQC(X”XC“M@(WB)

kmin2 = L, L.X.(115) (30)
& B \/Rac(xpxc_wZMg)(H\/B)
max2 —

w?L,L.Xc(1-VB)

Compared with the traditional detuned circuit, the proposed
IPT system has two maximum power points according to (10)
and (27),1.e., Prax1 and P ax 2. If the parameters are reasonably
designed, the two top power points can be employed so that the
system has a wide coupling range with stable output power in
misalignment conditions.
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Fig. 9. Output power curve versus coupling.

III. SYSTEM DESIGN
A. Circuit Parameters Design

In order to achieve stable power transfer versus a large
coupling variation, the output power curves of the two modes
should overlap at the minimum output power Pi,, as shown
in Fig. 9. For readability, a variable k., is used to express
the coupling coefficient of the coincidence point. Ideally, the
maximum output power should be the same in the two modes.
Then, the constraints can be concluded as follows [21]:

kminl = kmax? = kcp
Pma,xl = PmaxQ
Pminl = Pmin2

(€19}

Substituting (10), (13), (14), (27), and (30) into (31), the
constraints can be rewritten as follows:

XpRac(l—\/B)
w?LyLs(14+B)
Rac(XpXe—w?M2)(14+VB) i
w?LyL:Xc(1-VB) e

X, X2—X w2 M2

c — 1
Xp(Xo—wM,)?

= kcp

(32)

Solving (32), X,,, X, and M can be calculated as follows:

LpLw?k2,(14v/B)

Rac(1-VB)
L,Low?k2,(1-5)
RocvVB(1-vB)
M. — 2L, Lowk?,

© " Rac(1-VB)

X, =
(33)

c =

Zc(2m+l) =

VB x

(2m + 1)%w2 M2 ((2m +1)°w?k*LyLs (Rac + 5 Xs2min)) — i Xp@ms1)R2. — jXp(zmH)Xf(zmH))

=JjX,
I. J c(2m+1)+

ch =

2
(Xp(2m+l)Xs(2m+l) —(2m + 1)2W2k2LpLs) + Xpemt1) R

(22)

R (\/ (XE +R3qcc) (w2M3R2qcc —X;X?) — (XpquCC —w2M?2 Xc) 2, X, X2 (2 X w2M2—X, qucc) — w2 M2 Reqcc>

LyL.w? (X2 + R2,,.)

eqcc

(23)
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TABLE I
PARAMETER VALUES

Parameter Value Parameter Value
[0} 2x7tx250 kHz R 200
S 5.6% kep 0.25
L, 48.87 uH . 45.77 uH
X, 3447Q X, 145.66 Q
M. 35.49 uH

1.2 r r r r r r

| ===
0.89— —
0.8F

0.6

0.4F

activated mode

0.2F

—— Fully activated mode

Normalized output power P,(p.u.)

|
|
|
|
| Turned-off or partly
|
|
|
|

00.1 0.15 02 025 0.3 0.35 0.4

The coupling coefficient &

0.45

Fig. 10.  Theoretical transfer power curve.

Fig. 11.

Magnetic coupler using QDQP structure.

As an example, we can substitute the parameters listed in
Table Iinto (33), X, X, and M. can be calculated and the corre-
sponding results are listed in Table I. Substituting the parameters
of Table I into (8) and (26), the transfer power can be depicted
as Fig. 10. The power curves accord with our expectations.

Through the above circuit parameter design method, we can
create the desired power curve. However, the transition between
the different modes is still uncertain. According to the analysis
of Section II, the conversion between the two modes depends
on k.3. Hence, k., should be equal to k.5 so that one mode can
be smoothly switched to another, as Fig. 9. From (20) to (23),
k.3 is related to all circuit parameters. Thus, we can design the
clamp transformer to make k.3 reach the predetermined value.

B. Coupled Structure Design

To eliminate the coupling between the clamp loop and the
secondary side loop, a quadruple D quadrate pad (QDQP) [12],
[31], [32] is adopted, as shown in Fig. 11. It is noted that the
stand-alone inductor has almost identical electrical performance
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Determine a, b, d, Mo, keso, X, X, X and
loosely coupler transformer specification

Set the turn of the coils L, L. as N,
NCC

| Ny=Ne=1

Obtain self-inductance and mutual of
loosely coupler transformer and clamp
transformer by simulation

Ney=Nept1
L Ne=l

A

| Use (1) to calculate C,, C. and C,

Substitute simulation results and C,, C,
and C; into (23) to calculate k.3

Record N, and N |

Fig. 12.  Flowchart for the design of clamp transformer, where a and b are
length and width, d is Litz wire diameter, M .o and k.30 are the predetermined
mutual inductance of clamp transformer and critical coupling coefficient of the
loosely coupled transformer.

as the integrated inductor [31]. Hence, a tightly coupled trans-
former can also be used to form a clamp transformer [33].
However, the hardware volume is increased inevitably. Thus,
this work uses a compact magnetic coupler scheme, i.e., QDQP
structure. Similar to the coil structure of the conventional IPT
system, two quadrate pads (QP) are placed on the primary and
secondary sides to form the loosely coupled transformer. The
difference is that two quadruple D pads (QDP) on the primary
and clamp loop form the clamp transformer. Hence, the magnetic
design of this work is focused on the clamp transformer. For the
QDP, the direction of the current in the adjacent coils should be
opposite to create the orthogonal magnetic flux with QP [12].
Due to the symmetrical, the magnetic flux passing from QDP
(QP) to QP (QDP) is zero in ideal conditions, so the loosely
coupled transformer and clamp transformer can be decoupled.
After obtaining the design value of M, the clamp coil can be
designed to meet the requirements of the mutual inductor while
adjusting the self-inductance of the clamp coil so that k. 3 reaches
the preset value. The detailed design procedures are given in
Fig. 12. First, we can predetermine the length a and width b of
clamp coils, the Litz wire diameter d, the mutual inductance M .
of clamp transformer, the third critical coupling coefficient k.3,
the primary loop equivalent reactance X,,, the clamp loop equiv-
alent reactance X, the secondary loop equivalent reactance X,
and loosely coupled transformer specification. Then, the turn of
clamp coils is initialized. Next, we can obtain the coil parameters
(self-inductance and mutual) of the loosely coupled transformer
and clamp transformer by Maxwell. Subsequently, Cy,, C., and
C, can be calculated according to (1). Next, the third critical
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TABLE II
COILS’ SELF-INDUCTANCES AND CAPACITOR
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Parameter Design value Parameter Design value
L, 48.87 uH L, 45.77 uH
L 98.47 uH L, 27.33 uH
G, 7.47nF C. 70.06 nF
C, 8.85nF
40 T T T T T T T 0.5
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Fig. 13.  Mutual inductance between coils with x-misalignment.

coupling can be calculated by substituting simulation results
and C,, C., and C into (23). Finally, the mutual inductance
of the clamp transformer and the third critical coupling can be
evaluated to determine whether they are equal to the preset value
M o and k.30. If yes, the turn of clamp coils will be recorded.
Otherwise, the turn of clamp coils will be regulated to repeat the
above procedures.

As an example, the length and width of the clamp transformer
are set to be the same as the loosely coupled transformer, namely
a = b = 300 mm. Besides, according to the design results of
circuit parameters, Mo and k3¢ are designed as 35.49 ©H and
0.25, X, X, and X are defined as 34.47, 145.66, and 0 2. As a
result, N, and N are iterated as 4 and 9, respectively. Then, the
measured coils’ self-inductances and the calculated capacitor
are given in Table II. And the mutual inductance is depicted
in Fig. 13 with x-misalignment. It is obvious that the mutual
inductance (M) and the coupling coefficient (k) of the loosely
coupled transformer have large variations with misalignments,
while the mutual inductance (M) of the clamp transformer is
almost constant. Besides, the cross-couplings (M_cp, Mp-cc,
M,._p, and M,_..) between the loosely coupled transformer and
clamp transformer are very small and can be ignored. The results
of xy-misalignment are offered in Fig. 14. The variation trends of
M, k,M.,M,_.,, and M,,_. are similar to x-misalignment, while
the cross-couplings (M., and M _..) between clamp coils (Lcc
and L.,) and the secondary coil (L) cannot be neglected once
the diagonal misalignment is larger than 5 cm, which may affect
the misalignment performance.

IV. EXPERIMENTAL RESULTS

To demonstrate the validity of the proposed method, a 480 W
experimental prototype was built, as shown in Fig. 15(a). The
coils structure is given in Fig. 15(b), where the quadruple-D

Mutual inductance (uH)

Jowojsuen) 19[dnod £[asoo|
JO ¥ Juard1§e00 Surdno)

Misalignment (cm)

Fig. 14.

Mutual inductance between coils with xy-misalignment.

L. 300%300mm

(b)

Fig. 15.  Experimental prototype. (a) Overall setup. (b) Coils structure.

TABLE III
PARAMETER VALUES

Parameter Value Parameter Value
E 230V w 2x7tx250 kHz
L, 48.87 uH Ly 45.77 uH
L. 98.47 uH L, 27.33 uH
M, 35.49 uH C, 7.73 nF
C. 70.17 nF Cy 9.02 nF
ks 0.25 R 20Q
ch 12 mQ Rc\- 21 mQ
Re. 18 mQ Ry, 102 mQ
Riep 57 mQ Ry, 114 mQ
Rice 172 mQ
TABLE IV
DEVICE’S MODELS
Device Model
DC power source Chroma 62150H-600
MOSFETSs 01-Os C2M0080120D

Rectifier diodes D;-Dy
Clamp diodes D, -D,
Electronic load

DSEI2x61-06C
DSEI2x61-06C
ITECH IT8816B

quadrature pads are used as the clamp transformer to eliminate
the cross-coupling with the loosely coupled transformer [12].
According to the proposed parameter design method, a set of
parameters are listed in Table III, and the corresponding devices
are given in Table I'V.

The transfer power and efficiency against coupling variation
are given in Fig. 16. The output power is depicted in Fig. 16(a).
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Fig. 16. Experimental and theoretical results of (a) output power and
(b) efficiency with x-misalignment.

It can be seen that the output power varies between 440 and
480 W with the coupling k decreasing from 0.39 to 0.14. The
fluctuation of power is only 4.3%, which can be calculated by
(Prmaz — Pmin)/(Pmax + Pmin). Additionally, the efficiency is
drawn in Fig. 16(b), which decreases from 93.55% to 83.22%
within the coupling range [0.14, 0.39]. The efficiency decline
is mainly attributed to the reduction of coupling and the extra
power loss due to the clamp circuit. The theoretical prediction
of the output power and the efficiency are also given in Fig. 16.
The maximum error of the output power is 15 W when kis 0.25,
while that of the efficiency is 1.27% when £ is equal to 0.19.
Meanwhile, the error is inevitable, and it mainly comes from
the deviation of the parameters, the resistance of each reactive
element, and the insufficient accuracy of the fundamental ap-
proximation method in the partly activated mode of the clamp
circuit [26]. Nevertheless, the results still are acceptable.

The experimental waveforms at the two maximum power
points are displayed in Fig. 17. When the system works in turned-
OFF or partly activated mode, the clamp loop current is small,
so the system can be approximatively regarded as the detuned
SS topology, as shown in Fig. 17(a). Besides, I, is distorted due
to the harmonic current, leading to the rectifier (D.; — D.y)
operating in a DCM [28], [29]. With the coupling decrease, the
system enters the fully activated mode, as Fig. 17(b). In this case,
the rectifier (D.; — D) is fully conducted, and the clamp loop
current cannot be ignored. With the effect of the clamp circuit,
the output power still maintains stable from Fig. 16. Besides, V
and /; have almost the same amplitude according to Fig. 17(a)
and (b), which verifies the validity of the proposed method.
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Fig. 17. Waveforms of the inverter output and the input of the rectifier at
(a) k =0.32 and (b) k = 0.19.
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Fig. 18. Measured waveforms of the inverter output and the input of the
rectifier for the IPT system without the clamping circuit at (a) k = 0.32 and
(b) k= 0.19.
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Fig.19. Measured output power of the clamped IPT system and the IPT system
without the clamping circuit.

To show the effectiveness of the proposed method, the clamp
circuit is removed. The system can be regarded as the detuned
S-S topology [7]. Fig. 18 shows the waveforms of the system
without the clamping circuit when the coupling is 0.32 and
0.19. We can see that the output voltage V, and current /, are
significantly reduced with the decrease of the coupling. The
output power is measured in Fig. 19. According to the measured
results, the power is slightly lower than the IPT system without
the clamping circuit when the clamping IPT system works
in turned-OFF or partly activated mode, namely the coupling
decreases from 0.39 to 0.25. The main reason is the insufficient
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Fig. 20. Measured efficiency of the clamped IPT system and the IPT system
without the clamping circuit.
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Fig. 21.  Output power with different loads.

accuracy of the fundamental approximation method in the partly
activated mode of the clamp circuit [26]. With further reduction
of the coupling, the power of the IPT system without the clamp
circuit declines significantly, while the proposed method output
power still is stable. In terms of the overall power variation, the
output power of the IPT system without the clamping circuit
is between 210 and 505 W when coupling varies from 0.14 to
0.39, and the power fluctuation is 41.26%, which is inferior to
the proposed method (4.3%). Moreover, the system efficiency is
measured in Fig. 20. Similarly, the efficiency varies from 85.12%
to 94.14%, with the coupling increasing from 0.14 to 0.39. Due
to the power loss in the clamp circuit, the efficiency of the IPT
system without the clamping circuit is slightly higher than that
of the proposed method.

When the load is changed, P,.x and Py, are constant with
the load variation based on (10), (13), (27), and (30), while k.1,
cha kC3’ kpmaxla kpmach, kminh kmaxh kmin2, and kmaxQ are
changed concurrently in the same proportion according to (9),
(14), (16), (19), (23), (27), and (30). Fig. 21 shows the output
power with the different loads. It can be seen the output power
moves to the left when the load decreases from 20 to 10 €.
Besides, the load variation hardly affects the maximum and
minimum output power, but the coupling range with stable power
transfer is varied. Hence, the load is better fixed if the system is
required to operate within the determined coupling range.
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Fig.22.  Measured output power and efficiency with xy-misalignment.

When the secondary side has a xy-misalignment, the results
are measured in Fig. 22. With the coupling decrease, the output
power deviates from the expected value (480 W) when the
coupling is lower than 0.23. The maximum output power reaches
540 W, and the power fluctuation is larger than 10% due to the
cross-couplings (Ms_c, and M,_.). It is noted that the stand-
alone inductor has almost identical electrical performance as the
integrated inductor [31]. Hence, a tightly coupled transformer
can also be used to form the clamp transformer to avoid the
effects of cross-coupling by compromising the hardware volume
in theory [33].

V. CONCLUSION

A detuned SS-compensated IPT system with a clamped cir-
cuit is proposed to improve misalignment tolerance versus the
wide coupling variation. Wireless feedback communication or
closed-loop control is not required for the proposed method.
The operating principle and misalignment characteristics are
analyzed in detail. And then, circuit parameters are optimized
to obtain high-misalignment tolerance. With the proposed pa-
rameter design method, an IPT system was built. Experimental
results show that the power fluctuation is only 4.4%, and the
maximum efficiency can reach 93.55% with 278.6% coupling
variation (0.14-0.39), verifying the feasibility of the proposed
method.

REFERENCES

[11 X. Qing, Y. Su, A. P. Hu, X. Dai, and Z. Liu, “Dual-loop control method
for CPT system under coupling misalignments and load variations,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 10, no. 4, pp. 4902-4912,
Aug. 2022.

[2] Z. Li, H. Liu, Y. Huo, J. He, Y. Tian, and J. Liu, “High-misalignment
tolerance wireless charging system for constant power output using dual
transmission channels with magnetic flux controlled inductors,” IEEE
Trans. Power Electron., vol. 37, no. 11, pp. 13930-13945, Nov. 2022.

[3] Z.Zhang, F. Zhu, D. Xu, P. T. Krein, and H. Ma, “An integrated inductive
power transfer system design with a variable inductor for misalignment
tolerance and battery charging applications,” IEEE Trans. Power Electron.,
vol. 35, no. 11, pp. 11544-11556, Nov. 2020.

[4] Z.Zhang, F. Zhu, D. Xu, P. T. Krein, and H. Ma, “An integrated inductive
power transfer system design with a variable inductor for misalignment
tolerance and battery charging applications,” IEEE Trans. Power Electron.,
vol. 35, no. 11, pp. 11544-11556, Nov. 2020.



YANG et al.: CLAMPED IPT SYSTEM WITH ADAPTIVE MODE SWITCHING AGAINST LARGE COUPLING VARIATIONS

[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Z. Li, H. Liu, Y. Huo, J. He, Y. Tian, and J. Liu, “High-misalignment
tolerance wireless charging system for constant power output using dual
transmission channels with magnetic flux controlled inductors,” IEEE
Trans. Power Electron., vol. 37, no. 11, pp. 13930-13945, Nov. 2022.

H. Feng, T. Cai, S. Duan, X. Zhang, H. Hu, and J. Niu, “A dual-side-
detuned series—series compensated resonant converter for wide charging
region in a wireless power transfer system,” IEEE Trans. Ind. Electron.,
vol. 65, no. 3, pp. 2177-2188, Mar. 2018.

Y. Liu, U. K. Madawala, R. Mai, and Z. He, ““An optimal multivariable con-
trol strategy for inductive power transfer systems to improve efficiency,”
IEEE Trans. Power Electron., vol. 35, no. 9, pp. 8998-9010, Sep. 2020.
Y. Yao, Y. Wang, X. Liu, Y. Pei, and D. Xu, “A novel unsymmetri-
cal coupling structure based on concentrated magnetic flux for high-
misalignment IPT applications,” IEEE Trans. Power Electron., vol. 34,
no. 4, pp. 3110-3123, Apr. 2019.

Y. Chen, R. Mai, Y. Zhang, M. Li, and Z. He, “Improving misalignment
tolerance for IPT system using a third-coil,” IEEE Trans. Power Electron.,
vol. 34, no. 4, pp. 3009-3013, Apr. 2019.

G. Yang et al., “Interoperability improvement for rectangular pad and DD
pad of wireless electric vehicle charging system based on adaptive posi-
tion adjustment,” IEEE Trans. Ind. Appl., vol. 57, no. 3, pp. 2613-2624,
May/Jun. 2021.

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. 12761285, Feb. 2019.

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.

R. Mai, B. Yang, Y. Chen, N. Yang, Z. He, and S. Gao, “A misalignment
tolerant IPT system with intermediate coils for constant-current output,”
IEEE Trans. Power Electron., vol. 34, no. 8, pp. 7151-7155, Aug. 2019.
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.

Y. Yao, Y. Wang, X. Liu, K. Lu, and D. Xu, “Analysis and design of
an S/SP compensated IPT system to minimize output voltage fluctuation
versus coupling coefficient and load variation,” IEEE Trans. Veh. Technol.,
vol. 67, no. 10, pp. 9262-9272, Oct. 2018.

H. Feng, T. Cai, S. Duan, J. Zhao, X. Zhang, and C. Chen, “An LCC-
compensated resonant converter optimized for robust reaction to large
coupling variation in dynamic wireless power transfer,” IEEE Trans. Ind.
Electron., vol. 63, no. 10, pp. 6591-6601, Oct. 2016.

Y. Yao, Y. Wang, X. Liu, Y. Pei, D. Xu, and X. Liu, “Particle swarm
optimization-based parameter design method for S/CLC-compensated IPT
systems featuring high tolerance to misalignment and load variation,” /[EEE
Trans. Power Electron., vol. 34, no. 6, pp. 5268-5282, Jun. 2019.

W. Chen, W. Lu, H. H.-C. Iu, and T. Fernando, “Compensation network
optimal design based on evolutionary algorithm for inductive power trans-
fer system,” IEEE Trans. Circuits Syst. I: Regular Papers, vol. 67, no. 12,
pp. 5664-5674, Dec. 2020.

H. Feng, A. Dayerizadeh, and S. M. Lukic, “A coupling-insensitive X-type
IPT system for high position tolerance,” IEEE Trans. Ind. Electron., vol. 68,
no. 8, pp. 6917-6926, Aug. 2021.

J. Mai, Y. Wang, Y. Yao, and D. Xu, “Analysis and design of high-
misalignment-tolerant compensation topologies with constant-current or
constant-voltage output for IPT systems,” IEEE Trans. Power Electron.,
vol. 36, no. 3, pp. 2685-2695, Mar. 2021.

Y. Chen et al., “Reconfigurable topology for IPT system maintaining stable
transmission power over large coupling variation,” IEEE Trans. Power
Electron., vol. 35, no. 5, pp. 4915-4924, May 2020.

G. Lee, B. H. Waters, Y. G. Shin, J. R. Smith, and W. S. Park, “A
reconfigurable resonant coil for range adaptation wireless power transfer,”
IEEE Trans. Microw. Theory Techn., vol. 64, no. 2, pp. 624-632, Feb. 2016.
Y. Zhang et al., “Misalignment-tolerant dual-transmitter electric vehicle
wireless charging system with reconfigurable topologies,” IEEE Trans.
Power Electron., vol. 37, no. 8, pp. 8816-8819, Aug. 2022.

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.

H.-C. Hsieh and J.-S. Lai, “A half-bridge CLC-series wireless power
transfer system with clamping diodes,” in Proc. IEEE Int. Future Energy
Electron. Conf., 2021, pp. 1-6.

[26]

[27]

[28]

[29]

(30]

[31]

[32]

(33]

11703

Z. Huang, G. Wang, J. Yu, and X. Qu, “A novel clamp coil assisted IPT
battery charger with inherent CC-to-CV transition capability,” IEEE Trans.
Power Electron., vol. 36, no. 8, pp. 8607-8611, Aug. 2021.

P. Cao et al., “An IPT system with constant current and constant voltage
output features for EV charging,” in Proc. 44th Annu. Conf. IEEE Ind.
Electron. Soc., 2018, pp. 4775-4780.

W. Li, Q. Zhang, H. Li, C. Cui, and G. Wei, “Series filter computational
method for CCM recovery in double side LCC WPT system,” IEEE Trans.
Ind. Electron., vol. 69, no. 9, pp. 8875-8882, Sep. 2022.

J. Mai, X. Zeng, Y. Yao, Y. Wang, and D. Xu, “Impedance analysis and
design of IPT system to improve system efficiency and reduce output
voltage or current fluctuations,” IEEE Trans. Power Electron., vol. 36,
no. 12, pp. 14029-14038, Dec. 2021.

C. K. Alexander and M. N. O. Sadiku. Fundamentals of Electric Circuits,
Chapter 19 Two-Port Networks, 4th ed. New York, NY, USA: McGraw-
Hill, 2008.

S. Chen, Y. Chen, N. A. Dung, R. Mai, and Y. Tang, “A compact wire-
less charger design with decoupled quadruple-D inductor for LCC-series
topologies,” in Proc. IEEE 4th Int. Future Energy Electron. Conf., 2019,
pp. 1-7.

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.

R. Mai, P. Yue, Y. Liu, Y. Zhang, and Z. He, “A dynamic tuning method
utilizing inductor paralleled with load for inductive power transfer,” IEEE
Trans. Power Electron., vol. 33, no. 12, pp. 10924-10934, Dec. 2018.

Bin Yang (Student Member, IEEE) received the B.S.
degree in electrical engineering and automation from
the School of Electrical and Automation Engineering,
East China Jiaotong University, Nanchang, China,
in 2017. He is currently working toward the Ph.D.
degree in electrical engineering with the School of
Electrical Engineering, Southwest Jiaotong Univer-
sity, Chengdu, China.

His main research interest focuses on wireless
power transfer, especially on misalignment tolerance
improvement.

Binshan Zhang received the B.S. degree in electrical
engineering and automation from the School of Elec-
trical Engineering, Chongqing Metropolitan College
of Science and Technology, Chongqing, China, in
2020. He is currently working toward the B.Sc. degree
in electrical engineering with the School of Elec-
trical Engineering, Southwest Jiaotong University,
Chengdu, China.

His main research interest focuses on wireless
power transfer.

Zeheng Zhang received the B.S. degree in electrical
engineering and automation from the School of Elec-
trical Engineering, Ji’nan University, Zhuhai, China,
in 2022. He is currently working toward the B.Sc.
degree in electrical engineering with the School of
Electrical Engineering, Southwest Jiaotong Univer-
sity, Chengdu, China.

His research interest focuses on wireless power
transfer.



IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

Ying Luo received the B.Sc. degree in electrical en-
gineering and automation in 2017 from the School of
Electrical Engineering, Southwest Jiaotong Univer-
sity, Chengdu, China, where she is currently working
toward the Ph.D. degree in electrical engineering.

Her main research interest focuses on wireless
power transfer.

Ruikun Mai (Senior Member, IEEE) received the
B.Sc. and Ph.D. degrees in electrical engineering
from the School of Electrical Engineering, Southwest
Jiaotong University, Chengdu, China, in 2004 and
2010, respectively.

He is currently a Professor with the School of Elec-
trical Engineering, Southwest Jiaotong University.
His research interests include wireless power transfer
and its application in railway systems, power system
stability and control.

Zhengyou He (Senior Member, IEEE) received the
B.Sc. and M.Sc. degrees in computational mechanics
from Chongqing University, Chongqing, China, in
1992 and 1995, respectively, and the Ph.D. degree
in electrical engineering from the School of Elec-
trical Engineering, Southwest Jiaotong University,
Chengdu, China, in 2001.

He is currently a Professor with the School of
Electrical Engineering, Southwest Jiaotong Univer-
sity. His research interests include signal process
and information theory applied to electrical power

system, and application of wavelet transforms in power system.

Yang Chen (Member, IEEE) received the B.Sc. de-
gree in electrical engineering and automation and the
Ph.D. degree in electrical engineering from South-
west Jiaotong University, Chengdu, China, in 2015
and 2020, respectively.

From December 2018 to December 2019, he was a
joint Ph.D. student founded by the China Scholarship
Council with the Future Energy Electronics Center,
Virginia Tech, Blacksburg, VA, USA. He is currently
a Postdoctoral Researcher with Southwest Jiaotong
University. His research interest focuses on 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


