|l. INTRODUCTION

Ppatibiltiy (EMC) scanner and measured with the help of a re-
ceiving coil. The calculated and measured results are compared
and they agree well with each other. In order to achieve optimal
power transfer for multiloads on the same charging platform, the
power inverter circuit topology and its resonant compensation
tank must be designed carefully for efbcient power transfer. The
resonant compensation method has been utilized and analyzed
in some previous work [9], [11]D[18]. Based on the equivalent
circuit analysis, a systematic design procedure suitable for mul-
tiload application is proposed in Section V. The experimental
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spiral winding are represented by four concentric circles. Be-
fore the design, four assumptions are made:

a) the spiral winding is coaxial with the caill;

b) the spiral winding is connected in series with the caill,
which means the current in the spiral winding is the same
with that in each turn of the coil;

c) the spacing between the tracksas shown in Fig. 1(c),
is the same for a certain design;

d) the spiral winding that is made up of Litz wire, is treated

as ablament.
The number of turns of the spiral winding, , the radius
Fig. 1. Sketch of the hybrid structure in (a) 3-D view, (b) cross-sectional vie@f the brst turn, , and the spacing between the tracks,
and (c) top-view. decide the shape of the spiral winding, as shown in Fig. 1(c). In

the brst step, these three parameters are fully searched and all
the possible results are presented. The minimum and maximum
values of the three parameters are decided by the dimension of
the coil and the available manufacturing technology.

In order to judge the validity of the possible results, a mutual
inductance based method is used as a tool for optimization. In
Fig. 1(c), the red dotted circle represents a testing coil above the
charging surface. If this testing coil (as energy-receiving unit)
has only one turn, the mutual inductance between the one-turn

testing coil and the hybrid structure is
Fig. 2. Two coaxial circulabplaments.

—_— 1)
TABLE |
SUMMARY OF THE DESIGNED SPIRAL WINDINGS FOR A where is the magneti®ux coupled to the one-turn testing
GIVEN CIRCULAR COIL (N =5, R = 75 mm) coil, isthe currentin the hybrid structure andis the area of
the one-turn testing coil. If the magnefiax is uniform enough
in , (1) can be approximated to
2
For another one-turn testing coil with different radius, the
same relationship can also be established
results of a prototype are included to ¢om the validity of the ©)

theory.

From (2) and (3), if the magnetfaux is uniform enough over
Il. HYBRID STRUCTURE AND ITS DESIGN the entire charging surface, the following equation or inequality

Fig. 1 shows the sketch view of the circular hybrid strud4) must be applicable to any two one-turn testing coils placed
ture. This hybrid structure consists of a concentrated coil aRf the charging area
a spiral winding. TheGoncav® magneticbeld distribution
generated by the concentrated coil can be compensated by the - e — (4)
GonvexOmagneticbeld distribution generated by the planar
spiral winding, so that a more uniforfdux distribution can where is a small tolerance.
be achieved. A uniform magnetigux distribution means that Equation or inequality (4) provides the criterion to judge if
different portable electronic devices (with inbuilt energy-rea uniform magneti®ux distribution has been achieved. The in-
ceiving windings) can be placed and charged on the chargieguality is used in practice for optimization. For the convenience
platform, as represented by the small blue circles in Fig. 1(&f.calculation, the two one-turn testing coils are chosen coaxial
The spiral winding can be placed on the same plane, belowwith the spiral winding and the coil. Onelsxed with the min-
above the planar surface of the coil, as shown in Fig. 1(b). imum radius [see Fig. 1(c)] and the other is enlarged from
As far as the design of the circular hybrid structure is con-  to . If (4) is satided in the whole progress, this pos-
cerned, one needs to design a spiral winding for a given concsible result is saved as a valid design. All the possible results
trated coil (of a certain radius and number of turns). Therefongged such optimization process.
the number of turns and the dimensions of the spiral winding The one-turn testing coils are chosen to be coaxial with
have to be designed and optimized. Fig. 1(c) shows one éie spiral winding and the coil because the mutual inductance
ample of the designed results, in which the four turns of theetween two coaxial circuldplaments can be calculated with
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to make. The minimum spacing between each turn,, is as-
sumed to be 1 mm. The number of turns of the spiral winding,

, is searched from 2 to 10. Indeed, the initial criteria of these
three parameters can be set different for a cruder (but quicker)
or abner searching. After all the possible results are presented,
the optimization tool introduced above is used to judge the va-
lidity of each result. In this example, the small tolerancen
(4) is set not larger than 10% of the average value.

In Table I, thebrst column is the number of turns of the spiral
winding, , which is searched from 2 to 10. When is
more than 5 (i.e. number of turns of the coil), no valid results
are found. The second column shows the radius of each turn, as
shown by in Fig. 1(c). Itis fully searched
from 72 mm to 3 mm in this example. The value in the third
column represents the intensity of the magnbétd generated
by the hybrid structure. It is equal to the mutual inductance be-
tween the hybrid structure and a one-turn testing coil of unit
area. In Fig. 1(b) the distance of the energy-receiving coil from
simple expression as in (5) and is suitable for the iteratitBe energy-transmitting spiral winding and the energy-transmit-
searching process ting concentrated coil are and  respectively. The self-in-

L ductance, , and the dc resistance, , of the hybrid struc-

- — (5a) ture are listed in the next two columns. The last column com-
pares the ratio between the magnéttd intensity and the resis-
tance. A higher value is preferred because it means that a higher
magneticheld is generated, accompanied by a relatively lower
power loss. This can also be seen in the last part of this paper
where and are complete elliptic integrals of th®st  on energy dfciency discussion. Table 1l compares the design
and second kind, respectively [19]. The meaningsof ~ and  results for given coils with different number of turns. For com-

are shown in Fig. 2. In the calculation, the two windings arg,rison, only the three-turn spiral winding is listed. As sum-
treated ablaments because they are made of thin Litzwire (- arizeq in Tables | and 11, a higher number of turns of coil or

0.39 mm) for reduced power loss at high frequency. If other: ., winding can generate a higher magnétd. From the
wire such as printed-circuit board track is used, the formul% iency point of view (last column of Tables | and II), it is

presented in [20] can lead to more precise results, timal when the number of turns of spiral windin ap-
The same method described above can also be applied to3Re P 9 P

design of rectangular hybrid winding structure. Compared to t oaches.the number of turns of coil - This concluspn 'S
circular structure, the rectangular windings are easier to mal >0 appllt_:abl_e when equals other values. Another inter-
Given a rectangular coil of a certain turns number, asiise  €sStingbnding is that when ~ — and  are equal to a same
step of the design, number of turns of the spiral winding, v&lue 4,5,6,7,8 , the results are summarized
half of the length of thérstturn,  , and the spacing betweenin Table Ill. It can be seen that is almost a con-
the tracks, , are fully searched and all the possible results aféant value for all cases, while the mutual coupling
presented, as shown by the example in Fig. 3. Then the pissincreased. Thibnding indicates that more turns of windings

Fig. 3. Top view of the rectangular hybrid structure.

(5b)

sible results are judged by the mutual inductance based meth@éhile keeping ) can achieve better performance, if
The mutual inductance between two rectangular windings ctre wire cost is not a major concern.
be calculated, using the method presented in [21]. To verify the design results, two experiments are conducted.
In the brst experiment, a small signal ( 10 mA, at 400 kHz)
[ll. DESIGNRESULTS AND EXPERIMENTAL VERIFICATION is injected into the hybrid structure and the generated magnetic
) Peld is scanned by NoiseKen EPS-3000 EMC scanner with
A. Circular Structure Probe-A100 k (frequency range: 100 kHz100 MHz). Fig. 4

Using the above method, including full searching and optis the measured results of the 4-turn prototype chosen from
mization, for a given coil, the number of turns and the positiofable I, from which it can be seen that tRex distribution
of each turn of the spiral winding can be designed. Table | listé the hybrid structure is more uniform than the other two
the design results when the number of turns of the coil,  approaches. In the second experiment, a practical receiving
equals 5, and the radius of the coil, is equal to 75 mm. coil is placed and moved above the charging surface, as shown
For this design example, the initial searching criteria are givém Fig. 5(a), and the mutual inductance between them is mea-
as follows. The maximum value of s slightly smaller than sured point by point. For simplicity, the hybrid structure of the
the radius of the coil, while the minimum value of is3mm. charging platform is represented by a large circle in Fig. 5(a).
The spiral winding with a radius smaller than 3 mm is not easjhe receiving coil has a radius of 15 mm dmg turns, without



458 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 23, NO. 1, JANUARY 2008

TABLE Il
SUMMARY OF THE DESIGNED THREE-TURN SPIRAL WINDINGS FORGIVEN CIRCULAR CoILS (R = 75 mm,N = 4,5,6,7)

TABLE Il
SUMMARY OF THE DESIGNED CIRCULAR STRUCTURESWHEN N =N

Fig. 4. Magneticbeld intensity scanned by EMC scanner: (a) coil only, (b)
spiral winding only, and (c) coil and spiral winding <Circular>.

Fig. 6. Calculated and measured mutual inductance between the receiving coil
and the circular hybrid structure that consists of:H&@-turn coil and two-turn
spiral winding and (bpve-turn coil and four-turn spiral winding.

Fig. 5. Sketch of the experimental set-up of (a) circular structure and (b) rect-

angular structure.

B. Rectangular Structure

The design results of the rectangular structure are summa-

any magnetic core. Fig. 6(a) and (b) show the calculated afghq in Table IV, when the rectangular coil has four turns
the measured results for the two-turn and the four-turn proto- 4 ,and a 126 mm 97 mm dimension. The meaning

type, respectively. The measured results agree well with the each column is the same with that of Table I. To verify
theoretical ones. In Fig. 8 Orepresents the misalignmentthe design results, a four-turn coil, three-turn spiral winding
between the energy-receiving coil and the platform, as shopwrototype is chosen for demonstration. Fig. B(@) show

in Fig. 5(a). the scanned magnetieeld plots of the rectangular coil, the
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Fig. 8. Calculated and measured mutual inductance between the rectangular hybrid structure and the receiving coil which is move: {a¥ialdby along

Y -axis, and (c) along diagonal.

operating of the system above primary resonant frequency amkere is equal to 0.895 when is 2, 0.949 when is 3,

therefore zero-voltage switching in the inverter [17]

— 9)

From (8), it can be seen that when more loads are added
1, the voltage gain will inevitably drop. But if the value of
is high enough, the voltage gain is almost a constant value
all the load conditions

— — (10)

and 0.970 when is4. So inf3uences the stability of the
system, i.e., the higher the more stable of the system. But it
should also be noted that a higher brings a lower

B. Design Procedure

In the design of the circuit, the given parameters are the op-
erating frequency, , the input voltage, , the information
about the platform, and (see Tablesalll),
and the requirements of the loads, , and . Two points
should be noted. First, for charging LI-ION batteries, the voltage
source characteristics demonstrated by series compensation at
secondary side [22] is needed, and the output voltage (8 V in
his example) is higher than the minimum requirement of input

ltage of common regulators such as 6 V for LT1374. The
equivalent resistance of each load, , is then decided by the
charging power. The value of in Table V, 32 , repre-
sents the initial charging power, 2 W. When the battery is fully
charged, tends to very large, and thel¥ected impedance
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TABLE V
GIVEN AND DESIGNED CIRCUIT PARAMETERS

Fig. 9. IM3uence of the height distance change of:dapnly, (b)d only, and
(c)d andd together.

Step 1: Estimate : The relationship between the active
power, the reactive power [see (9)] and the apparent power at
primary side is expressed by

11)

where s the total active power absorbed by all the loads.
In this example, at most four loads are supposed to be placed
and charged on the platform simultaneously andequals 8
W, as calculated from data in Table V. In principle, can be
chosen for higher output power. When is chosen as 12 W
(50% higher than 8 W) and is set at 4, the primary current,

, Is estimated as 2.2 A, by solving (11).

Step 2: Design : Because is high enough (set at 4 in
this example), the primary current, , which was solved in step
1, is decided by the equation in

Fig. 10. Equivalent circuit modeling of: (a) coupling between the platform and - (12)
the ith load and (b) primary circuit with multi Bected impedance. —

By solving (12), is chosen as 25 nF in this example. The

has little iBBuence to the primary side [see (6)]. Secondly, fofoltage rating of the capacitor can be estimated by the amplitude
a clear view of the open-loop power transfer ability, the opepf  times the impedance of the capacitor.

ating frequency and the input voltage &eed in the operation, ~ Step 3: Design @ The mutual inductance is determined
although they can also be controlled with the feedback sigr® the required output voltage of each load. By solving (10),
[14]. The objective is to design the secondary windings andthe (1,2, 3, 4) is chosen as 1.3H. It must be noted
resonant tanks so that the required power can be transferreé@ if the required output voltage of each load is different,

each load, even when all the loads are charged simultaneou8N4st also be different from each other.

In the following discussion, &ve-step procedure is illustrated Step 4: Design the Secondary Windingsie area of the sec-

in a design example. A hybrid structure which has the same @ldary winding is restricted by the dimension of different elec-
mension with the prototype used in Section I, i.e., four-turfonic products. In Tablesalll, is the mutual induc-
rectangular coil with three-turn spiral winding is chosen for thignce between the hybrid structure and a one-turn receiving coil
design example. Without losing generality, all the loads are #-unit area. It has the relationship with  as expressed by
sumed to be the same. The given parameters are summarized in

Table V. — (13)



