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Research on IPT Resonant Converters With High
Misalignment Tolerance Using Multicoil Receiver Set

Guangjie Ke ”, Qianhong Chen

Abstract—This article provides a comprehensive analysis of the
contactless resonant converters using a multicoil receiver set for
high misalignment tolerance, with emphasis on the cooperative
mechanism of multiple coils and a quantitative analysis of the
operating characteristics. The collaborative operation of multiple
receiving coils with various compensation circuits and connection
types is discussed. A series—parallel compensated converter using a
DD2Q receiver set with parallel connection for the multiple rectified
outputs is used to illustrate the analysis procedure. Two methods
are presented here, namely numerical calculation for the normal
case and analytical derivation under three typical misalignments.
With the help of switching functions, the general output voltage
gain can be derived, which provides direct insight into the cooper-
ation of multiple coils and a practical approach for reducing the
output fluctuation. Simulation and experimental verifications are
included to confirm the analytical results.

Index Terms—Inductive power transfer (IPT), misalignment
tolerance, multicoil receiver, wireless power transfer.

1. INTRODUCTION

HE inductive power transfer (IPT) technology, which
T transfers power through magnetic coupling, is safer, more
flexible, and more convenient, compared to plug-in power trans-
fer solutions. It is now used in a variety of applications, such as
personal electronic devices, wearable/implantable electronics,
electric vehicles, and so on [1]-[5]. However, the inevitable
misalignment between the power transmitter and the receiver
pads, which would cause coupling variations and hence impair
the system’s performance [6], [7], has become a major problem
limiting IPT’s applications [8], [9].
Much work has been done to improve the misalignment tol-
erance, mainly from the perspective of control strategies, com-
pensation schemes and magnetic coupler designs, as shown in
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Fig. 1. Among the existing control strategies, the dynamic tuning
control method proposed in [11]-[13] achieves large tolerance
to misalignments. By adjusting an equivalent compensation
capacitance or inductance, as illustrated in Fig. 1, the tuning
condition for different misalignments can be either changed or
satisfied, so as to improve the IPT system’s performance [12].
However, this solution still suffers from increased complexity,
extra cost, weight, and loss caused by the additional capaci-
tor/inductor tuning circuit especially in high-power applications
[13]. Compensation networks for achieving a larger tolerance to
misalignments have also been investigated [15]-[21]. A general
design method of primary compensation networks has been pro-
posed to maintain a stable output characteristic [15]. It has been
shown that some high-order compensations, such as S/SP [16],
PS/S [17], SP/S [18], and LCC [21], could deliver almost con-
stant power with small fluctuations under wide misalignments
without additional control. Even with simple compensations like
S/S, S/P, etc., a nonmonotonic output with better misalignment
tolerance can be obtained through detuned parameter design
[19], but with slightly lower efficiency due to the increased
reactive power.

Being a significant part of an IPT system, the magnetic coupler
is crucial for improving the misalignment tolerance. As summa-
rized in Fig. 1, adopting a magnetic coupler with asymmetric
structure by enlarging the physical size of either transmitter or
the receiver coil is an effective method to improve the misalign-
ment tolerance [22]. However, the mismatch between the trans-
mitter and the receiver tends to reduce the coupling coefficient.
Moreover, the typical ubiquitous powering pads [23], such as
double-D pads (DDP) and circular pads, have the problem of
null coupling which would greatly impair the power transfer
capability. To alleviate the null coupling problem, structures
with multidecoupled coils in either the transmitter or the receiver
have been presented [24]-[30], as shown in Fig. 1. Multiple
transmitting coils are utilized to establish the directional [24],
[25] or omnidirectional magnetic field [26], [27] by individually
controlling the current of each coil. However, the directional
magnetic field control requires an additional location detection
[24], and the omnidirectional field is energy inefficient for static
charging due to the large amount of the uncoupled magnetic
flux [27]. In contrast, magnetic coupler with multiple receiving
windings is preferred [28]-[30]. Multiple receiving windings
can compensate or switch automatically, so as to eliminate the
null coupling problem and, hence, improve the misalignment
tolerance effectively. In [29], a DDQ coil structure consisting of

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1. Existing solutions to improve the misalignment tolerance.
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Section I, a general analysis of the collaboration of the multiple
receiving coils in an IPT converter is provided. A primary se-
ries/secondary parallel compensated contactless converter with
multiple outputs connected in parallel (S/P-P in short) using
a DD2Q receiver set is analyzed in detail. In Section III, a
numerical method to obtain the output voltage gain and the
input impendence of the S/P-P converter by determining the
equivalent output conductances for different receiving coils is
given. The output voltage gain for the selected converter under
three typical misalignments is also derived. On this basis, the
design procedure of the DD2Q receiver set for an S/P-P converter
is given in Section IV. Experimental results are presented under
various coupling conditions in Section V. Finally, Section VI
concludes this article.

II. GENERAL ANALYSIS FOR AN IPT CONVERTER WITH
MULTICOIL RECEIVER

A. Circuit Implementations

The general circuit implementations of the IPT converters
adopting a multicoil receiver, which comprises one transmit-
ter and n (>2) receiver coils, are shown in Fig. 2, where L,
and Lg; (i =1, 2,..., n) are the respective inductances of the

(b)

Fig. 2. Typical circuit implementations adopting a multicoil receiver.
(a) Parallel connected. (b) Series connected.

coils, i, and i,; are the respective winding currents, M; is the
mutual inductance between Lg; and L,. Each receiving coil
and its corresponding compensation network, rectifier, and filter
constitute the basic circuit unit of the secondary part. Here, ip;
is the ac input current of the ith rectifier, /,;, and U,; are the dc
output current and output voltage of the ith basic circuit unit,
and Ry, is the load. Fig. 2 illustrates two typical connections
for the rectified outputs: series or parallel connections. Since
the analytical method and the analyzed results are similar,
discussions of the other hybrid connections are omitted in this
article.

The types of secondary compensation and output connection
will affect the collaboration of the multiple coils. There are four
basic configurations for the secondary circuits with multicoil
receiver: series-compensation series-connection (S-S in short,
with the first S denoting series compensation for the secondary
and the latter S denoting series connection in the output, and
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(b)

Fig. 3. Fundamental equivalent circuit of a secondary basic circuit unit
(i=1,2...n). (a) Series compensation. (b) Parallel compensation.

likewise for other configurations), parallel-compensation series-
connection (P-S), series-compensation parallel-connection (S-
P), and parallel-compensation parallel-connection (P-P). Since
a higher order secondary compensation can be reduced to a
second order series or parallel compensation [17] in view of
the equivalence of the output performance, only series or par-
allel compensation for the secondary circuit is considered here.
Neglecting the cross coupling of the multiple receiving coils, the
fundamental equivalent circuit of the secondary basic circuit unit
can be obtained by employing fundamental harmonic approxi-
mation [16], as shown in Fig. 3. Here, all voltage and current
variables are represented by the fundamental phasors, Z,, ; is
the equivalent output impedance and the rectifier is represented
by an equivalent resistance Rg;, satisfying

S8Ry, /m? for S-S circuits

72 Ry, /8 for P-S circuits
72 /(8Ry,) for S-P circuits

8/(m*Ry) for P-P circuits.

Yic1 Bpi = Rp =
(D)

Y B = Ry =
=1 Rg; = Rg

B. Operating Modes

There are two operating states for each circuit unit: powering
state or idling state. From Figs. 2 and 3, it is readily known that
the |1 p;| of each circuit unit with series connection in powering
state should be equal to a certain value I, i.e.,

’jm =1Ip

w1, = mlo for S-S circuits
Zsoi+ REi| 2v2
2v/21

- 255%1!1 o) =T for P-S circuits.

@)

where |f pi| stands for the RMS value of Ipi, and likewise for
other phasors. When |I ;| is less than I3, the two diodes of the
same lag in the rectifier will conduct simultaneously, as shown
in Fig. 4(a), clamping ng zero, and thus, getting Rg; to zero.
Then, the circuit is in idling state.
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(b)

Fig.4. Rectifiers inidling state. (a) Series connection. (b) Parallel connection.

Similarly, we can find that the |USZ\ of a basic circuit em-
ploying parallel connection in powering state should equal to a
certain value Ugp, i.e.,

‘UG'I = UB

M;I, (Rgi||Zsoi) | 7U.

o

for P-P circuits

Ls’i B 2\/57
wM;l,Rg; — 2\/§U° , for S-P circuits.
REi + Zsoj ™

3

When |U si| < Up, the diodes in the rectifier will be blocked,
indicating the circuit being in idling state, resulting in a zero
\f pil, and an infinite Rp;, as shown in Fig. 4(b).

Considering the collaboration of secondary coils, multiple
operating modes exist for a multicoil receiver. The maximum
number of operating modes can be determined by XC?. For
example, when n equals 3, there are three operating modes for
only one secondary coil in the powering state, the three operating
modes with two secondary coils powering the load and one
operating mode for three secondary coils in powering state at
the same time.

C. Collaboration of the Multiple Coils

Fig. 3 indicates that the series or parallel compensated basic
circuit can be equivalent to a voltage source or a current source
with an internal impedance, respectively. So, the collaboration of
multiple coils is just the cooperation of multiple voltage sources
or current sources, each having its internal impedance. Two cases
of tuned and detuned operating frequency will be considered in
the following sections.

1) w=ws; =1/\/LyCy: Secondary circuits operating at
ws means Zg, ; = 0 for series compensation or Z, ; = oo for
parallel compensation. As it can be seen in Fig. 3, a basic
circuit adopting series or parallel compensation is equivalent to
a voltage source or current source. Thus, the secondary S-S/S-P
and P-S/P-P circuits adopting 7 coils at w behave as n voltage
sources connected in series/in parallel through rectifiers, the n
current sources connected in series/in parallel through rectifiers,
respectively. Since multiple voltage sources/current sources are
easy to be connected in series/in parallel, the multiple coils
of the secondary S-S or P-P circuits could power the load
simultaneously.
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Substituting Zs, ; = 0into (2) and Z;, ; = oo into (3) yields
the conditions of powering states at ws, i.e.,

_ wsMifp /Rp; = ;’\% for S-S circuits
I EX 4)
M;1,|/Ls; = 2v/21, /7 for P-S circuits
) MJPREZ- /Ly =7U,/ (2\/5) for P-P circuits
‘Usi = .
wsM;I,| = 2¢/2U,/n for S-P circuits.

®

It can be seen from (4) and (5) that the higher the value of
M;, the larger the value of Rp; and the output power for an
S-S circuit, and the lower the value of Rg; and the larger the
output power for a P-P circuit. This is the inherent regulating
rule for S-S and P-P circuits adopting a multicoil receiver. Most
of the receiver coils of the S-S or P-P circuits operating at w will
power the load simultaneously. Since the mutual inductances of
the multiple coils are different, (4) or (5) applies to only one coil
with the maximum mutual inductance in the S-P or P-S circuit. In
other words, only one coil will power the load for the S-P or P-S
circuit at w,. Neglecting the cross coupling between the multiple
receiving coils, the dc output voltage U, can be easily obtained
by the superposition of U,; for S-S or P-S circuit, and the dc
output current /,, can be easily obtained by the superposition of
1,;, yielding U,. Therefore, we have

U, =
7/ (2V2) 301 o |wsMilp|
TRy /(2v2) max (|M;/ Lai|) |1p]
WRL/(2\/§) Z?:LRE#OO (‘Ml/LSID ’jp‘ for P-P circuits
(22 s (fo M)

for S-S circuits

for P-S circuits

for S-P circuits.
(6)

From (6), we clearly see that the combined effect of the
multiple coils, each having a different null coupling position, al-
leviates the null power problem, and hence permits the converter
to achieve improved performance against coupling variations,
similar to the use of interleaving for combating fluctuations and
reducing ripples. Besides, (6) indicates that the S-S and S-P
circuits are suitable for the constant voltage output applications,
whereas the P-S and P-P circuits are suitable for constant current
output applications.

Considering U, = Ry I,,combining (4) and (5) with (6) gives
the expression for Rp; for S-S and S-P circuits, i.e.,

|M;| Rp/3 57—, |M;| for S-S circuits

RpL; < n 1M o
> 71 ) for P-P circuits.
a] \ = L

2) w# ws: When w # w,, we have Zg, ; # 0 for series
compensation and Z,, ; # oo for parallel compensation. Since
Zsoi 001 Zgo i # 00, U,; or Ip; can be regulated by ad-
justing Rp; to satisfy the conditions of powering states given
in (2) and (3). Thus, the multiple receiving coils of four typical
circuits under detuned condition could power the load at the

Rp; = @)
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same time, even for S-P and P-S circuits. This can be easily
understood according to the collaboration of the multiple volt-
age/current sources with internal impedances connected through
the rectifiers. In a similar manner, the output voltage for all four
types of secondary circuits can be obtained. The collaboration of
multiple coils with different mutual inductances helps to reduce
the output fluctuations under misalignments.

U, =
ZL\/i Z;;LRE#O % for S-S circuits
27\/5 S R0 Mil, (]Ei:”ZSOJ) for P-S circuits
% 1 Rperoo Mijpéig!izwi) for P-P circuits
2\/?7RL Z?:l,REi#OC % for S-P circuits.

®)

Note that U, might also follow the maximum rule. For in-
stance, for an S-P circuit, the ith circuit unit will be in an idling
state when

; Zso j -
‘jwMin ( R; —|—1> , M; = max {M,}

)

wherei = 1, 2,...,orn. If all the other coils (i # j) areinidling

states, the output voltage is
7 -1
== 41 . 10
( Rt ) } (10)

2v/2 .
U, = max {\[ ‘jwMin
™
If some of the basic circuit units are fully tuned but others are
not, the tuned basic circuit units will operate according to the
collaboration rules at wg and then collaborate with other parts
according to the detuned rules.

< ‘]WMJIP

D. Simulation Verification

Figs. 5 and 6 show the simulated waveforms of u,; and ip;
along with their RMS values for the IPT converters with a
two-coil receiver, operating at the tuned frequency fs 120 kHz
(ws = 27 f4) and detuned frequency 140 kHz, adopting S-S, S-P,
P-S, and P-P configurations, respectively. The four simulation
circuits share the same wy, dc input voltage, and LCL network
yielding the same primary |I,,|. The simulation circuits, which
can be easily obtained according to Figs. 2 and 3, are omitted for
brevity. Table I lists the detailed simulation parameters. It should
be noted that the distinct difference between M; (7.14 uH) and
M (5.89 pH) is to emulate the effect of the misalignment. The
load resistance is set as 5 € for the S-S and S-P circuits and as
50 Q2 for the P-S and P-P circuits.

When f = 120 kHz, it can be readily seen from Fig. 5 that
|fD1\ = \fD2| for the S-S circuit, fD2| = 0 for the S-P circuit,
|Usa| ~ 0 for the P-S circuit, and |Us;| = |Usy| for the P-P
circuit. Thus, for S-P and P-S circuits, only the coil Ly with
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Fig. 5. Simulated waveforms of the four secondary basic configurations at 120 kHz (w = ws). (a) S-S. (b) S-P. (¢) P-S. (d) P-P.
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Fig. 6.  Simulated waveforms of the four secondary basic configurations at 140 kHz (w # ws). (a) S-S. (b) S-P. (¢) P-S. (d) P-P.
TABLE 1 TABLE IIT
PARAMETERS OF THE SIMULATION CIRCUITS CALCULATED AND SIMULATED U,, AND I, FOR FOUR TYPES OF
SECONDARY CIRCUITS AT 140 kHz (w # ws)
|1,|/A phHz LjuH LouH Lo/uH Cu/mF ComF My/uH My/uH RJ/Q
Circuit S-S S-P P-S P-P
2.12 120 2533 26.01 2589 67.63 6794 7.14 589 5/50 Sim UV 313 1023 2624 27653
TABLE II ) I/ A 1.635 2.046 0.524 0.553
U/V 8.188 10.75 26.023 26.5
CALCULATED AND SIMULATED U, AND I, FOR FOUR TYPES OF Cal. T/ A 1638 215 052 053
SECONDARY CIRCUITS AT 120 kHz (w = ws) = : : : :
. T T G Ly 1y 1
Circuit S-S S-P P-S P-P 1 sl | A AL S
M s ; >
Sim U/V 23.084 12.66 32.434 58.48 : / Ll %S J;T;E’ R }'L';
: I/ A 4.617 2.53 0.648 1.17 o ¥ il "T Z
YV 2 g Pl ] B — L I
U./V 23.145 12.679 32.33 59.13 U e W RG] 2 A2
cal. 1/ A 4.629 2.536 0.647 118 ] 4@ +Ih 3 o Ll F ok >
U _B ! P 52 :C;r _:Z %S f2 T
o i \@/fc i3 73| G“| — L3 I3
. Il Ms : »
a larger mutual inductance powers the load, whereas for the S-S ' N Ll $ o
. . ! 3 53 13
and P-P configurations, L¢; and L,» power the load simultane- i :cﬂ' = T

ously, and L4 provides a larger portion of the power, confirming
the previous analysis. When f = 140 kHz, as shown in Fig. 6,
we have \fD1| = |fD2| for the S-S circuit and |U81| = |U52|
for the P-P circuit, whereas |I p1| = |I p2| for the P-S circuit
and |U s1] = |U 2| for the S-P circuit, verifying that the multiple
receiving coils under detuned condition can power the load at the
same time. Tables IT and III give the calculated and the simulated
values of U, and I,, at 120 kHz and 140 kHz, respectively. It
can be found that under both tuned and detuned conditions, the
calculated results are consistent with the simulated results.

III. ANALYSIS OF AN S/P-P CONVERTER USING
DD2Q RECEIVER SET

In Section II, the collaboration of multiple receiving coils for
different circuit configurations has been analyzed. The charac-
teristics are expressed in terms of I,,, making the analysis more

Fig. 7. S/P-P converter with DD-DD2Q structure.

convenient when the primary current is constant [28], [31]. But
for most IPT converters, the primary coil current is dependent on
M; and Rp;, which will increase the complexity of the analysis
greatly. In this section, an S/P-P converter using a DD2Q receiver
set is adopted as an example to perform the investigation.

A. Circuit Description

Fig. 7 illustrates the schematic of an S/P-P converter that
employs S/P compensation and parallel connection for three
rectified outputs. The contactless transformer T adopts a DD
transmitter (pri-DD winding) and a DD2Q three-coil receiver
set that comprises a classical DD winding (sec-DD winding) and
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TABLE IV
COMPENSATION CAPACITANCES OF S/P-P CONVERTER
G Ca Co Cs
1 1 1 1
w>(L,— MiJLy) @ Ly, @ (L,+ M) (Lo + M)
TABLE V
OPERATING MODES AND EQUIVALENT CONDUCTANCES
m Powering Coil(s) Modes Definition Gy
DD 1y=1
1 Ly Ql 2-j‘ =2 e =0
M, =max(M,) J Gy =Gp
Q2 35=3
L, DD, QI 4:k=3 Gp=0
2 M ; # min (M,) DD, Q2 k=2 ZGE,- Gy
Ql1,Q2 6:k=1
3 Ly, Lo, L DD, Q1, Q2 7j=1,2,3 > Gy =G,

Le2 - Mc ].AVS/I‘.VZ g

Ls=M_1,/1; §

Fig. 8. Equivalent circuit of S/P-P converter.

two additional quadrature windings Q1 and Q2. Thus, n is 3 and
there are seven operating modes, as listed in Table V. To comply
with the parameter definition in Section II, we use subscripts “p,”
“1,7 %, and “3” to denote the windings of pri-DD, sec-DD, Q],
and QZ, respectlvely. Also, Ly, Lgi, Lo and L3, 1p, 751, T's2,
and 743 denote the inductances and resistances of the windings of
pri-DD, sec-DD, and Q1 and Q2, respectively; My, M2, and M3
are the respective mutual inductances between Ly, / L1, Ly, / L2,
L,/ Lss, and likewise for other variables. Since Q1 and Q2 are
magnetically decoupled from sec-DD winding [32], only the
cross coupling M, between Q1 and Q2 is considered here. As
shown in Fig. 7, powered by the dc voltage source Uiy, the
inverter produces an ac voltage u 4 5 to drive the resonant tank
to achieve the power transfer.

B. Numerical Calculation Method

Fig. 8 illustrates the fundamental equivalent circuits for the
primary and the secondary. Substituting n = 3 into (1) and
introducing the equivalent load conductances G ; for the basic
circuits, we have

3
> Gri=Gg=8/(r"Ry). (11)
i=1
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According to Fig. 8, the following equation can be obtained:

Uag Zy  —jwMi —jwMsz —jwMs jfp
0 o —jOJMl Zsl 0 0 Isl (12)

0 o _jWMQ 0 Zo jWMc I

0 WM 0 jwM, Zsg | |
where Zi = jwLsi +7si + 5o e 1= 12,3, 2, =jwl,

+7 + 7oy
P
The two bottom equations of (12) can also be expressed as

jwMzly = (Zoo+ jwMela/ L) Lo, jwMsl,

= (Zes + jwM.l2/l3) Iy (13)

It is found that the cross coupling can be equivalent to virtual
inductances L.o and L.3 with L. = M, 153/192 and Lpg =
M 152/153, as shown in Fig. 8. In particular, when I 52 = Isg,
the values of L.o and L3 are constant and are equal to M..
Similar to that of the conventional S/P compensated converter
[34], the compensated capacitors of S/P-P converter can be
designed according to Table IV, where Cj; is resonant with the
respective equivalent inductance at wg and C), is designed to
achieve zero input phase angle at M; . M; (o represents the
mutual inductance between L,/ Ly at the designed point.

Solving (12) gives

I JwMi/Zg
Io| = | (jwM2Zg + w2 M.M3) /(WP M2 + Z2Z3) | L.

jsg (jWMI'}ZsQ + WQM(:MQ) /(WQME + ZSQZSS)
(14)
The input impedance Z;,, and the voltage gains of G1, G2,
and G, can then be derived as

7 Uap _ (le)2

in— T T 4p 7

p sl
N _w2 (M22263 + M??ZaQ) + ijgMgMcMg (15)
wMZ + Zs2 Zs3

G Usi _ JwM;y

o Uap Z1Zin (jwCs1 + GEr)
Goo= U52 _ JwMaZg3 + WQMCMS

| Uap (W2M2 + Zy2Z3) Zin (jwCs2 + G2)
o Us | JwM3Zgo 4 w? M, M,

we Uap| |(W2M2+ ZpoZs3) Zin (jwCss + Gps) |

(16)

For a full-bridge inverter and rectifier, we have \U AB| =
2v/2Us, /7 and |Ug;| = 7U,/(2v/2). Thus, if coil L is in
powering mode, the dc voltage gain should satisfy

v = Uo/Uin = 8/7T2Gvi~ (17)

It is obvious that to calculate G,,, we should first determine
the operating modes of the multiple coils. Considering the inter-
actions among G g;, G,;, and the operating modes, a numerical
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Input o, Ly, L, Lo, Lg, My, Mo, Ms, M, 1y, 71, Vo, T3,
Cp, Cy1, Cy, Czand R,

[Assume the number of coils in powering state m, i.e., m = 1 ]
I

v

l Compare M;, M, and M;, i.e., M, > M,> M; l

Estimate the state of the coils according to TABLE V

ie., ifm=1and M, > M, > M;, L, is in powering state

Calculate G|, Gg, and Gg3 with
(11) and (16) and (17)

Reevaluate m

Calculate Z;, with (15)
Calculate G,1, G, and G,; with (16)
Calculate G, with (17)

| I—

Determine the operating
mode based on TABLE V

Fig. 9. Flowchart for calculation of parameters.

solution is provided for the analysis, as illustrated in Fig. 9.
First, we assume that the number of coils in the powering mode
is m after obtaining the circuit parameters. Then, based on the
assumed m and the known mutual inductances, the operating
modes of the coils can be estimated according to Table V, where
subscript “j” represents the coil in powering state, subscript “k”
represents the coil in idling state. As tabulated in Table V, if
m = 1, the coil having the maximum mutual inductance will be
in powering state; if m = 2, the coil having the minimum mutual
inductance will be in idling state. Next, the three equivalent
conductances will be solved from (11), (16), and (17). If there
is no real solution for Gg; or Gg; is outside the range of
[0, 8/(7%Ry)], the assumption of m is invalid and another
calculation is needed. After getting the Gg;, Zi, and G, can
then be finally calculated according to (15)—(17). Obviously, the
calculation method used for generating results in Fig. 9 requires
knowledge of the parasitic resistances, the self-inductances and
the three mutual inductances, etc., which have to be measured or
found from three-dimensional (3-D) finite-element simulation.

C. Analytical Derivation of S/P-P Converter Under Three
Typical Misalignments

As discussed previously, G g;, G, and the operating modes
are interdependent, making it difficult to obtain analytical ex-
pressions of the characteristics of S/P-P converter in all seven
operating modes. To simplify the analysis without loss of gen-
erality, this article combines the three typical misalignments,
as illustrated in Fig. 10, to give further analytical derivation.
In Fig. 10, Ax, Ay, and A6 represent the misaligned dis-
tance/angular in lateral, longitudinal, and angular directions,
respectively.

Since the two quadrature windings are symmetrically wound,
there are Lo = L3, Cyo = Cy3, 149 = 143 [32]. Besides, under
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Fig. 10. Three typical misalignments in (a) lateral, (b) longitudinal, and
(c) angular directions.

TABLE VI
SWITCHING FUNCTIONS IN DIFFERENT MODES AT wg

Mode 1 Mode 6 Mode 7
S 1 Sz S3 Sl Sz S} Sl Sz S3
1 0 0 0 1 1 1 1 1

the three typical misalignments, we always have |Ms| ~ | M3]
due to the symmetrical positions for QI and Q2 related to
the primary. So it can be readily derived that |Iyo| = |I.3].
Then, according to Fig. 8, we have L.y = Lc3 ~ |M¢|, which
is not affected by misalignments. Under such cases, Q1 and
Q2 always operate in the same state. Thus, only three op-
erating modes: Mode 1, Mode 6, and Mode 7 exist under
the three typical misalignments. For brevity, 7,, 141, 7.2,
and rg3 are taken as zero in the following analysis, since
they are relatively small and have limited influence on the
characteristics.

Combining the capacitance formulas in Table IV with (11)
and (17), the equivalent conductances at w, for Mode 1, Mode
6, and Mode 7 can be derived as

Gp1 =
SlGE/ Sy |22

L
! +1

L82 + LeQ

M3

M,y

le

+5 S
° Ls3 + Le3

Gpy =

[ Lo+ L,
SQGE/ S, Hs2 T He2

le

M3
My

L52 + Le2 |

+1+5;
s Lg3 + Les |

Gps =
S5G /

LsS + Le3 +1

le

M
M3

Ls?; + Le3

S, | —
! Ls2 + LeQ

+ 55

(18)

where the switching functions of S1, S, and S5 are introduced
to define the operating states of L1, Lso, and Lgs, as listed in
Table VI. For instance, S = 0 or 1 means L4; being in idling
state or powering state, respectively. As analyzed in Section II,
for S/P-P converters, the smaller the M;, the lower the output
power and smaller the value of G ;. When G g; approaches zero,
the operating mode will change.

Letting G2 and Gz of Mode 7 equal to O and |US1| =
V2 |U52| =2 |U 3|, the boundary between Mode 7 and Mode
1 can be obtained, as derived in the Appendix. Combining the
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corresponding formulas in Table IV with (16) and (18), gives

k(A1 - P+ (Grwla)’ il
ky As (ke +1) — 1 L1

Qsl

. > 2L,
- w? /w2 —1 La

Letting G, = Oand \/§\U51| = \Usg| = |U33|,theb0undary
between Mode 7 and Mode 6 can also be derived as

19)

b VAl (ha 4 1)~ 1P + Gk (b + P [T,

kl \/5 (A1 — 1) Ls2
~ Q82 (keQ + 1) 2 le
”%*bww—J 2L 0

where k‘eg = Leg/\/ LSQLS s A,L' = LUQLsiCSi, and Qsi =
wLg;GE, withi=1, 2, 3.

Substituting the capacitances given in Table IV and the equiv-
alent conductances in (18) into (16), the output to input voltage
gain and the input impedance for Mode 1, Mode 6, and Mode 7
can be derived, as given in the Appendix. With the help of S,
S5, and S3, the general expressions for G, and Z;,, at w, under
the three typical misalignments can then be found as

\Ml\Jr Sa|Ma| S3|Ms|
1To Lso+Le2 Lsz+Les

’Zin\w:wsGE‘

GU |w:w5 =

Sk + S e
- | Zinly=u, G2
Zinl e, = JwsLy {kT o — (S1kT + S2k3 /(1 + ke2)
+S3k2 /(1 + kes)) }
+ Rp [S1|My| /Lg + Sz |Ms| /(Lsz 4 Lez)

+83|Ms| /(Ls3 + Le3)] (22)

| _kans
+ Sg, ‘ 1+kes

2D

where k; is the coupling coefficient between L, and Lg; ki g
is the coupling coefficient between Ly, /L under the designed
condition, and n; = /L, /L, is approximately the turns ratio
of L, and L. When fully aligned, So = S3 = 0, the S/P-P
converter with DD-DD2Q structure has the same characteristics
as the conventional S/P compensated converter with the DD-DD
structure.
Substituting (22) into (21), we have

Gv |o.1:ouS
. k2n2 k3n3
=1 A
/[]GE 51 kama + 8 |7 4S5 | ]
= ]./[Sl |k1n1| -+ SQ |k2| ng/(l + kGQ)
+ 3 |ks|ns/ (1 + ke3)]| a=o (23)
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where
- kg’ﬂg k3n3
A—Kwst/[Slklnﬂ—FSg 1+k62 3‘14—]683 :|
K:kio — [Sﬂf% + 52]41%/(1 + /{3@2) + S3/€§/(1 + k‘eg)].

(24)

The detailed derivation of (19) to (24) will be given in the
Appendix.

Equation (23) indicates that the output gain of S/P-P converter
atws is load-independent when X' = A = 0. It can also be found
that the opposite trends of ks (k3) and k; during misalignments
help to reduce the output fluctuation. Obviously, the parameter
design of the DD2Q receiver set is important for the performance
of the S/P-P converter.

IV. DESIGN OF THE DD2Q RECEIVER SET FOR AN S/P-P
CONVERTER

In this section, we demonstrate how a DD2Q receiver can
be designed for reducing the output fluctuation. As discussed
in Section II, the multiple coils would normally power the load
simultaneously for P-P configuration. Substituting S; = Sz =
S3 = 1 into (23) gives

Gy =1/[[king|+|kang /(1 + ke2)|+|ksns /(1 + kes)|].  (25)
Writing the denominator of (25) as H, we have
H =Hpp + Hos
Hpp =kl Hox = ‘ 1]?7;282 ‘ 1]?7;6353 (26)
~ 2 ‘ 1%7@2@2 .

To achieve a small output fluctuation, H is desirably a constant
value under different misalignments. Next, we will discuss how
to achieve this goal. Since n; is approximately the turns ratio
of Ly, and L, and k; is the coupling between L; and L, the
design of H can be reduced to the design of DD2Q receiver
set. As defined in (26), H is the sum of Hpp and Hpx. Also,
Hpp and Hgy are related to the parameters of DD-sec winding
and the quadrature windings Q1 and Q2, respectively. Since
the S/P-P converter with the DD-DD2Q structure at the aligned
position has the same characteristics as the conventional S/P
compensated converter with the DD-DD structure, the design of
the DD receiver part and the variation of H p p for the DD-DD2Q
transformer are the same as those of the conventional DD-DD
transformer. Considering the design of the DD-DD transformer
has been discussed previously [29], we will focus on the design
of the quadrature windings Q1 and Q2 to reduce the output
fluctuation with a given DD pad.

Fig. 11 shows the structure of the DD2Q receiver, labeled with
geometric parameters [g1, g2, [pp, WQ1, WQ2, Wpp, and Aw.
Here, Q1 and Q2 are symmetrically wound, satisfying lg1 = lg2
and wg1 = wg2. Since Q1 and Q2 have no improvement in the
longitudinal misalignment, only lateral and angular misalign-
ments need to be considered here.
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Fig. 11.  Structure of DD2Q receiver set.
TABLE VII
PARAMETERS OF PRI-DD AND SEC-DD
NNy Gap/em [pp/em  wpplem  L,/uH Ly /uH ko 7,/Q 1y /Q
12:12 2cm 14.5 8.5 2495 2526 0.47 0.165 0.18
05@-'42' PSR CE RN Bl = Sy " (100%. 1k, A
0.3 / 0.3———1————‘,')\""
FHpp x')y 'L-'- R o HDD(6)
0.2 0.2+ " '('6")'/ *
B SN . ¥ i T I [y cslr y . i
0.Iro:g 53.3%,0) | 0.1F@r0 (100%. 0
0 = [ 0 . . T N T 2
07110 20 307240 50 60 0PL 20 40 60 8073100
x'(%) 0'(%)
(@ (b
Fig. 12.  Hpp and HQx_desi under (a) lateral and (b) angular misalignment.

A. Plotting the Curve of Hpp and Obtaining Hgs: gesi

The same DD-DD transformer as published in [32] is used
for illustration. The parameters are given in Table VII, where
N, and N; are the coil turns of L, and Lg;, respectively.
Also, N, = N, gives ny ~ 1. Equation (25) indicates that the
coupling k1 o and the turns ratio of N, to N, determine the
output voltage gain of the S/P-P converter operating at w and
the aligned position. This is one of the design considerations for
N, and Ng;. Combined with the measured k1, the curves of Hpp
versus the normalized Ax, denoted by x’(%), and the normalized
A, denoted by 6°(%), can be plotted, as shown in Fig. 12.
Moreover, x’(%), y'(%), and 0’(%) equal to Az/Ipp x 100%,
Ay/wpp x 100%, and AG/90° x 100%, respectively. At some
specific points, namely P1 (x = 0), P2 (z = 1/3Ipp), and
P3 (0 = 90°), the conditions HDD|P1 = ’I’lelio, HDD|p2 =0
[23]andHpp|ps = 0 always hold for the symmetrical structure
for the two DD coils. To achieve a constant H, the desired
H@ s~ _desi should satisty

Hgs: desi + Hpp = H = Hgs,_desi |P1+ Hpop |p1 = nikio-

(27)

Then, the curves of Hqyx_qesi can be plotted, as shown by the
black dashed line in Fig. 12. Obviously

Hos desi|P1 =0, Hgs desi |P2 = Hos)_desi |P3 = niki_o.
(28)

3705

S04
=
S024 g
o _ | —— =] ——|
0 . 1_'_ a‘.=0'6.7 +| 10=0.
0r1 10 20 30 P2 40 50 x'(%)
Fig. 13.  Simulated k2 and k3 under lateral misalignment.

B. Determining the Geometric Dimensions

To achieve a nearly constant H, the actual HQ o should be
as close t0 Hg s~ gesi as possible. As shown in (26), Hg s~ =~
2|kana/(1 + kea)|. We will discuss the effect of geometric
parameters of Q1 and Q2 on the coupling coefficients, and then
provide a design method for selecting the parameters.

1) Coil Length lg1, lg2: To normalize the coil lengths lg1
and lg by Ipp, define o = g1 /lpp = lg2/Ipp. By simulation
with Ansoft 2-D, the curves of ko versus x’(%) for different
values of « are obtained, as shown in Fig. 13. It can be seen that
the position of the maximum k5 changes with «, and it happens
around P2 when « ranges from 0.67 to 0.78. We choose g and
lg2 as 0.78!pp for maximum k, that occurs at P2.

2) Overlap Distance Aw: The overlap distance Aw between
Q1 and Q2 affects the mutual inductance M, and hence affects
the values of L.; and k.;. From Figs. 8 and 10, and (14), it
can be derived that L.; = M, under lateral misalignment and
L.; = — M, under angular misalignment. If k.; is nonzero, the
designed values of C; are different for the two cases, affecting
the output characteristics. Therefore, in this case, M. is nullified
by adjusting the overlap distance Aw, which can be determined
by using the analytical model proposed in [28].

3) Coil Width wg1, wgo: Fig. 12 indicates that there is the
maximum value occurs at P2 or P3 for Hy s~ qesi> and hence
for Hyy~. Also, Hg s~ is proportional to k2 according to (26),
since n; =+/L,/L.; and key = Lca/vI2L.s are approximately
constant under various misalignments. So, the maximum value
also occurs at P2 or P3 for k2. We use komax_» and komax g to
represent the value of ko at P2 and P3, respectively. The detailed
values of komax_» and komax o are determined by the coil width.
Combining (26) with (28) gives

277/2]62 max_0 — 2n2k2 max_x — 11 k170(1 + keQ)- (29)

Equation (29) gives komax 0 = Fomax_z- By settinga = 0.78,
the simulated curves of komax ¢ and komax . versus /3, which is
defined as § = wg1/wpp = wg2/wpD, are plotted in Fig. 14.
Note that for different values of 3, Aw is always adjusted to keep
M. =~ 0. It can be found that there are three intersection points
for komax e and komax_, for different coupling values, as marked
in Fig. 14. From the aforementioned analysis, it can be found
that the higher the coupling, the larger the output power. Thus,
in this case, we choose 5 = 0.61 to achieve maximum ko, ayx,
yielding wgi = wg2 = 0.61wpp.
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for different Ngo under (a) lateral and (b) angular

C. Determining Ngo and N

The value of n; is determined by the turns ratio of N,
and N;. Since the geometric dimensions of Q1 and Q2 have
been determined, the effects of Ngo or Ng3 on HQE could be
investigated with the help of the simulation software Ansoft 3-D.
The simulated curves of Hg s~ for different Nyo versus x’(%)
and 6’(%) are plotted in Fig. 15, where the curve of HqQs; desi
is also illustrated for comparison. To reduce variation of H, the
actual curve of Hg s~ should be as close as possible to that of
H@ s~ _desi- There are many ways to evaluate the error between
Hgy and Hp s~ qesi- We evaluate the error according to the
deviation between Hg s~ and H s~ at P2 and P3. We define

e = (AHgs|p2)? + (AHgs |p3)” (30)

where AHg s~ = [Hg sy — Hs~_desi|- Obviously, the value of
Hg s for Ngp = 12 gives minimum AHg s~ p2, AHg 5| p3,
and € among the four simulated curves. So, we choose Ny and
Ng3z as 12.

D. Design Results

The design and measured parameters of Q1 and Q2 are given
in Table VIII. A photo of the fabricated transformer is shown in
Fig. 16. The measured coupling coefficients k1, k2, and k3 under
different misalignments are illustrated in Fig. 17.
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TABLE VIII
DESIGN PARAMETERS OF Q1 AND Q2

NN lor lo wor  wo  Aw L, Lg e Ta
2T (em)  (em)  (em) (em) (em) (uH) (uH) (@) (@)
12:12 11.31 1131 5.1 5.1 2 3325 31.1 020 0.21

Fig. 16.  Photo of the DD2Q receiver set.
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Fig. 17. Measured coupling coefficients of k1, k2 and k3 (a) under lateral and
longitudinal misalignment and (b) under angular misalignment.
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Fig. 18.  HQs_desi and Hgy for the fabricated transformer versus (a) lateral

misalignment and (b) angular misalignment.

It should be noted that distance x ranging from 0 to 8 cm
corresponds to x’(%) ranging from 0% to 55%. Distance y
ranging from O to 8 cm corresponds to y’(%) ranging from 0% to
94%. Also, angle 6 ranging from 0 to 90° corresponds to 6’(%)
ranging from 0% to 100%. It can be seen that k2 and k3 coincide
in Fig. 17(a) and they are symmetrical in Fig. 17(b), agreeing
with the assumption of |kz| &~ |k3| in previous analysis.

The actual Hqs, for the DD-DD2Q transformer is plotted in
Fig. 18 along with the desired H¢g s~ gesi- It can be seen that
Hgy has a small fluctuation under misalignments: AH > | P2
= 0.05, AHg s~ |p3 = 0.035, and £ ~ 0.004. The maximum
AHgy in lateral and angular directions are 0.12 and 0.165,
respectively. According to (24) and (26), H and K can be calcu-
lated and plotted in Fig. 19. The value of AH in both lateral and
angular directions is about 0.17. Also, K has a relatively small
value that helps to obtain a load-insensitive output voltage.
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Fig. 20.  Photo of the S/P-P converter.

TABLE IX
COMPONENTS OF THE PROTOTYPE

Components Type and value
MOSFETs BSCO098N10NSS5
Capacitors C,=94nF, C;; =79.53 nF, C, =51.7nF,C3 = 56.6 nF

Filter inductors
Filter capacitor

Ly =142 uH, Ly = 125 uH, Ly = 125 uH
C;= 680 uF

It should be noted that the proposed design method for the
introduced Q-coil is also suitable for the DDQ receiver set.

V. EXPERIMENTAL RESULTS
A. Parameters of S/P-P Converter

A prototype of the S/P-P converter adopting the DD-DD2Q
transformer, as shown in Fig. 16, is built to verify the analysis.
The input dc voltage is 30 V and the rated output power is 100 W.
The photo of the prototype is given in Fig. 20. The operating
frequency is fixed at 125 kHz, which is a little higher than the
secondary tuned frequency 120 kHz to achieve the ZVS for
the primary switches. The detailed parameters of the resonant
components are given in Table IX.

B. Operating Modes Under Misalignments

Substituting the detailed parameters into (19) and (20), we
get the boundaries for the three modes under different load
conditions, as shown in Fig. 21. It can be seen that the S/P-P
converter allows a wide operating region for Mode 7, in which
three secondary coils powering the load simultaneously, agree-
ing with the analysis in Section II. Besides, the region of Mode 7
for Ry = 20 €2 is wider than that of R;, = 40 2.

To verify the analysis, three points in different modes are
selected for test: TP2 (0 cm, O cm, 30°) for Mode7, TP3 (0 cm,
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Fig.21. Calculated operation modes on the k1 -k2 (k3) plane. (a) Ry, = 20€2.
(b) Ry, =409.

0 cm, 90°) for Mode 6, and TP1 (0 cm, O cm, 10°), for Mode 7
when R; =202 and for Mode 1 when R; = 40(), where
(x cm, y cm, 0°) gives the respective misalignments in the x-,
y- and 6- directions. The measured coefficients ko and k3 at
TP1, TP2, and TP3 are labeled with green and blue triangles,
respectively, as shown in Fig. 21. Fig. 22 illustrates the wave-
forms of ug; and 7 p; of the S/P-P converter at the three test points
with different loads. It can be seen that, when Ry, = 202, the
converter operates in Mode 7 for TP1 since |I pi| > 0,Mode7 for
TP2 since | Ip;| > 0 and Mode 6 for TP3 since |Ip1| = 0. When
Ry, =404, the converter operates in Mode 1 for TP1 since
|fD2| = |fD3| = 0, Mode 7 for TP3 since |fDi| > (0, and Mode 6
for TP4 since \I p1| = 0, agreeing well with the theoretical
results.

C. Input Waveforms and Output Voltage Gain

Fig. 23 shows the waveforms of u4p and ¢, under different
misalignments. It can be seen that 7,, is always lagging behind
usp with a small phase angle, which indicates that the input
impedance of S/P-P converter is weakly inductive.

According to (23), the normalized output voltage gain G, v,
where G,y = G,/Gy_a1i and G,,_q; represents the output volt-
age gain at aligned position, can be approximately calculated,
as shown in Fig. 24. The output voltage fluctuation §,,, which
compares the variation of outputs under different misalignments,
is defined as

AGU G'u max G'u min
x 100% = ——————

Gv_ali Gv_ali

It can be seen from Fig. 24 that the calculated results of
d, according to (23) are 33% and 28% for lateral and angular
misalignments, respectively.

The measured output voltage results of the S/P-P converter
are shown in Fig. 25. Comparing Fig. 24 with Fig. 25, it can
be seen that the measured curves have the same shape with the
calculated ones using (23), and the calculated values of output
fluctuation using (23) approximate to the measured values,
verifying the effectiveness of the approximate analysis given
in Section III-C. We also use the numerical calculation method
given in Section III-B to obtain the accurate calculated results,
which have been included in Fig. 25. The calculated and mea-
sured results match very well. With a maximum fluctuation of
35.6% for §,, (corresponds to AG,, = 0.57), the S/P-P converter

Sy = x 100%. (31)
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Fig. 23. Input voltage and current waveforms of S/P-P converter under
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Fig. 24.  Calculated voltage gain according to (23) under (a) lateral misalign-

ment and (b) angular misalignment.

with the optimized DD2Q receiver, allows approximately 55%
lateral misalignment, 44% longitudinal misalignment and 100%
angular misalignment, as shown in Fig. 25.

Adopting S/P compensation, converters using DD and DDQ
receiver sets, are also tested for comparison. The dimensions
for the DD coil of the receiver pads are the same as those of the
DD2Q. The quadrature winding Q in DDQ is also optimized
to achieve a nearly constant A under lateral misalignment.
Experiments are conducted sharing the primary parts of the
S/P-P converter. The measured results are given in Fig. 26.

© ®

Rectifier bridge input waveforms of S/P-P converter with Ry, = 202 at (a) TP1, (b) TP2, and (c) TP3; with Ry, = 402, at (d) TP1, (e) TP2, and

TABLE X
MISALIGNMENT TOLERANCE FOR THREE RECEIVER PADS

Secondary coil DD DDQ DD2Q
x'(%) 16% 55% 55%
v'(%) 43% 46% 44%
0'(%) 49% 51% 100%

Obviously, null points exist in the voltage gain curves for both
DD and DDQ receivers; however, the DD2Q receiver has no
null values, ensuring good system performance. The converters
exhibit similar performance of the output voltage with the DDQ
and DD2Q receivers under lateral and longitudinal misalign-
ment. For brevity, the voltage gain curves are omitted (refer to
[32]). With the a maximum fluctuation of 35.6% for §,, the
misalignment tolerance for the three receivers can be obtained,
as listed in Table X. Compared with the DD receiver, the lateral
and angular misalignment tolerances of the proposed DD2Q coil
sets increase by about 39% and 51%, respectively.

Furthermore, the output voltage of the S/P-P converter are
tested when considering the combination of x-, y- and 6- mis-
alignments with Ry, = 20. Fig. 27(a) shows the measured
voltage gain GG,, as well as the fitting surface, versus different
combinations of x’(%) and y’(%) when ' = 0. The value of §,, is
29.03% within the region of 2’ < 55% and ' < 50%. Fig. 27(b)
shows the voltage gain under different combinations of 2/ (%),
y'(%), and 0’ (%), when letting ' (%) = y'(%). Obviously, 6, is
43.87%. Thus, with the limitation of 50% for §,,, the maximum
allowable diagonal misalignment, which is defined as 2’ = 3/,
is up to 50% with 100% angular misalignment.

D. Efficiency

The dc—dc efficiencies of the proposed S/P-P converter are
measured and shown in Fig. 28, where the results of the con-
verter using the DD receiver are also included for comparison.
Obviously, the efficiency of the DD2Q receiver is significantly
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TABLE XI

PERFORMANCE COMPARISONS

Coupling range Having the null L
Cost [/ relative Outpqt Efficiency range coupling O“tp‘?t variation

misalignment] fluctuation problem? against load
S/P-P converter in x axis High -0.18 t0 0479, [55%] 35.6% 88.8% t0 92.27% No Small
S/P[19] Low [30%] 38% 80.2% t0 90.5% Yes Large
Compensation PS/S[17] Medium 0.21-0.55 48.3% 84.68% Yes Small
P SP/S [18] Medium [25%] /@ /@ Yes Large

LCC/S [21] Medium 0.18-0.32 20% 88.5%-93% Yes Medium

Note: (V) The negative sign

Fig. 27.

w“

indicates negative coupling; ® “/” means that the detailed data is not given in the literature.
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quadrature windings.
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TABLE XII
OUTPUT VOLTAGE GAIN AND INPUT IMPEDANCE

Modes Output to input voltage gain G, Input impedance Z;,
2 3 2
G- 8| joM, | 2=z, —— M) 5~ (M)
Mode 1 in 51 B JjoLg + GwC. G 2 joL;+ joL,+ Toc
8
==L,/ M, ‘(u:(u\ ~ M, 1
e o
8 ‘ JoM ‘ (wM,)? 3 (0M)?
GV =z 2 = L
iz (ij“GEI e )‘ ot JjoLg + . — * 2 joLg+ joL,+ —F—F—+—
s1 joCyy + G = st el C,+Gg
Mode 7 ‘ . JoCo+ Jjo +
L k2 k2 | M, ‘
=0, ~ 7 2 (g2 2 3 Z
77.' Z“, ‘U w, GE Jg Lp {kul (k] + 1+ke2 + 1+kg3>} ( ; L +L w=w,
= 8] JooM, | (wM)? : (wb)?
vfiz‘ (jWL-2G52+1*(02/(03)‘ Z”1:Zﬂ+ 1 ! ;
Zs, s JoLg, +ﬁ i=2 JCOLW+JCOLm+ﬁ
Mode 6 g ‘ M, M, JoCou+ G JjoCy+ Gy
— O 1heoT Leal L3 T Lesl k2 kz 1 3 ‘M‘ 2
- w=w ~ 7 2 2 b
T Zulo=oGe JosLy [k‘*‘] (1 ke 1tk ﬂ " (Z Lyt La) 7"

E. Comprehensive Performance Comparisons

A comprehensive performance comparison, including cost,
coupling range, output fluctuation, efficiency, etc., between
the proposed S/P-P converter and the existing compensation
networks is given in Table XI. It is shown that the pro-
posed solution alleviates the null coupling problem with im-
proved misalignment tolerance and relatively high efficiency,
at the expense of the increased usage of copper and power
devices.

VI. CONCLUSION

In this article, a comprehensive investigation into the use of
multicoil receiver set to improve the misalignment tolerance
has been presented. After a general analysis of the operating
modes and collaboration of multiple receiving coils, an S/P-
P converter with a DD2Q receiver has been adopted to give
a quantitative analysis of the respective operating character-
istics in detail, demonstrating that the proposed S/P-P con-
verter can effectively reduce the output fluctuation under coil
misalignment. A design method for the multicoil receiver is
also provided. Prototypes of resonant converters using DD2Q
secondary, DD secondary, and optimized DDQ secondary are
fabricated for verification and comparison. The experimental
results match well with the analytical results, verifying that the
designed DD2Q structure can maintain a stable output voltage
over high misalignment in the x-, y- and - directions. The
proposed analysis method of the converter and design method
of the receiver can also be applied to other multicoil receiver
structures and other connections. The proposed approach is
suitable for charging applications in low-power planar wireless
charging pad systems and high-power electric vehicles, such
as modern trams, automatic guided vehicles, and passenger
cars.

APPENDIX

Using the terms of Lo and L3, (12) can be represented as

. Zp —jle —jwMg —jwMg
Uas ‘
0 —]oJMl Zsl 0 0
0 | |—jwMs 0 Zgo+ jwLe 0
01 | —jems 0 0 Zu+ jwLes
Ip
Iy
x [t (A1)
152
153

Since |U%| = \fsi|/(jwcsi + Gpi), we have

.| = UABjWMl
sl|— . )
Zin (jwLs1GE1 +1 —w?L1Cqr)
U _ UAijMg
17 Zin [jw(Ls2 + Le2) Gpa+1—w?(Lsa+Lea) Cso]
7] Uapjwbs
s3|— 3
Zin []w (Ls3+Le3) G1E3+17W2 (LS3+L€3) CSS]
(A2)
and
M2
Zin = Zp + = (w 1) 1
]WL‘ﬂ + jwCs1+GEn
3 2
wM;
P e 9

5 Jwlsi + jwlei + 55607
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According to the analysis of the operating modes in Section
II-B, it can be found that for Mode 1

‘Usl

7TUO ‘ . .
_ o |j ‘>Oand‘[ ‘:‘1 ’:0. A4
2\/§ D1 D2 D3 ( )

For Mode 6, we have

U, :‘Us _ ™% |j ’>O,I ‘>0and‘[ ‘:o.
‘ 2 3 2\/§ D2 D3 D1
(AS)
For Mode 7, we have

. . . U 1.

Us :‘Us :‘Us :70’ 1 ’ >0,

’ 1 2 3 2\/5 D2

)jm‘ > 0 and ‘I'Dl‘ > 0. (A6)

Using Table IV, (18), and combining (A2) and (A3) yield
the dc voltage gain, which has been defined in (17), and the
input impedance for Mode 1, Mode 6, and Mode 7, as listed in
Table XII.

The boundary between Modes 1 and 7 is determined by the
conditions

‘051 ,Gpa=Ggz=0. (A7)

= \/5‘052 = \/5‘053

And the boundary between Modes 6 and 7 is determined by
the conditions

V2 |Ua

Combining the corresponding formulas in Table IV, with
(16), (18), (A7), and (A8), the boundary between Mode 1 and
Mode 7, and that between Mode 7 and Mode 6 can be derived
as shown in (19) and (20).

= ’UQ

= ‘US3

;Gp1=0. (A8)
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