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A Dual-Coupled LCC-Compensated IPT System
With a Compact Magnetic Coupler

Fei Lu ', Student Member, IEEE, Hua Zhang

Abstract—This paper proposes a dual-coupled LCC-compen-
sated inductive power transfer system with a compact magnetic
coupler to improve misalignment performance. In the magnetic
coupler, the main coils form the first coupling, and compensation
inductors are integrated with the main coils to form a second
coupling. In the design presented in this paper, the main coils
are unipolar and the compensation inductors are in a Double D
structure. The fundamental harmonics approximation method is
used to analyze the circuit, and the couplings between the main
coils and compensation inductors are considered to determine the
net power flow. In misalignment cases, it is shown that the coupling
between the compensation inductors, and the cross couplings
between the compensation inductors and main coils, contribute
to increasing the system power. A 3.5 kW prototype is designed
and implemented to validate the proposed dual-coupled system.
The primary coil size is 450 mm X 450 mm, and the secondary
coil size is 300 mm X 300 mm. Experimental results show that
the proposed dual-coupled system can significantly improve the
misalignment performance, and retains at least 56.8% and 82.6 %
of the well-aligned power at 150 mm misalignment in the x- and
y-directions, respectively.

Index Terms—Dual coupling, inductive power transfer, LCC
compensation, misalignment improvement, power flow analysis.

1. INTRODUCTION

NDUCTIVE power transfer (IPT) technology is an effective
method to charge electric vehicles [1], [2]. It usually consists
of two planar coils, forming a loosely coupled transformer, and
the compensation circuitry [3], [4]. The ac—dc efficiency of an
IPT system from the power grid to the battery has reached 93%
[5], which is comparable to a conductive charger.
The performance of an IPT system is determined by the com-
pensation topologies, which can be clarified as series—series
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(SS) [6], [7], series—parallel [8], parallel-series [9], parallel-
parallel [10], and LCC circuits [11], [12]. The SS compensation
circuit has been widely used in electric vehicle charging ap-
plications because of its simplicity. However, its output power
is inversely proportional to the coils’ coupling coefficient, and
so the primary current increases rapidly when a receiver is not
present. In comparison, the LCC compensation circuit provides
power in proportion to the coupling coefficient, and achieves a
constant-current operating mode for battery charging applica-
tions [13], [14]. However, the LCC circuit requires more com-
ponents, which increases the system complexity.

In an LCC-compensated IPT system, there are three options
when designing compensation inductors: air-core inductor [13],
annular-core inductor [15], and integrated inductor [16]. In the
air- and annular-core design, the inductors and main coils are
separated, and the only coupling in the system is between the
main coils, which can be denoted as a single-coupled IPT sys-
tem. In an integrated design, the compensation inductors are
integrated into the main coils, and there are both main coupling
and compensation coupling, which is denoted as a dual-coupled
IPT system. Air-core inductors can eliminate magnetic losses
and increase efficiency [13], [17]. However, electromagnetic
interference (EMI) is a problem. Annular-core inductors have
the advantage of confining magnetic fields inside the ferrite
core and alleviating the EMI. However, extra space is required
for these external inductors. Therefore, integrated inductors can
help reduce the system volume [18].

In previous attempts to integrate compensation inductors with
main coils, the couplings with compensation inductors were not
taken into account [19]-[21]. For example, the size of compen-
sation inductors is usually much smaller than the main coils
[19]-[21], and the couplings induced by the compensation in-
ductors are relatively small or even negligible. In this work, the
size of the compensation inductors is the same as those of the
main coils. The couplings with the compensation inductors be-
come comparable to the main coupling. It will be shown in this
paper that this coupling can be used to increase power transfer
and improve the misalignment performance.

In previous research, the misalignment problem in an IPT
system has been studied, and two effective solutions has been
proposed. The first solution is from the system design point of
view, in which the structure of the inductive coupler is designed
to achieve a good misalignment performance. For example,
the unipolar structure [22], double D (DD) structure [23], [24],
and DDQ structure [25], [26] have been proposed. However,
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Fig. 1. Structure and dimensions of the integrated magnetic coupler. (a) 3-D

view. (b) Front view.

since the coupling coefficient is mainly determined by the size,
the variation of structure does not significantly improve the
misalignment performance. Also, an additional coupler can be
used [27]. In the second solution, additional dc—dc converters
are used at the primary and secondary sides to regulate power
in misalignment cases. For example, Bosshard and Kolar
[28] propose a method to use dc—dc converters to adjust its
power and efficiency. Compared to the previous research, the
contribution of this work is that misalignment performance
is significantly improved without increasing coupler size or
adding dc—dc converters.

II. INTEGRATED MAGNETIC COUPLER DESIGN
A. Coupler Structure

Fig. 1(a) shows the three-dimensional (3-D) view of the inte-
grated magnetic coupler, in which L, Lo are the main coils and
Ly, Lyo are the compensation inductors. Mutual inductances
are defined as

My 9 =ki o-/LiLy,My1_yo =ky1_y2-+/LyiLyo
My pr=kip1-LiLp, My po =ko o-+/LaLyo
Mi_po =ki_po-/LiLyo, My1_o =kyi_o-+/Lp1Ly (1)

where ki_s, kl—fl, /€1_f2, kg_fl, l{il_fz, and kfl_fg are the
coupling coefficient in the magnetic coupler.

It should be noted that only the different-side coupling coef-
ficients, i.e., k1 _2, k1_y2, kf1—y2, and ky1_», can contribute to
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TABLE I
PARAMETERS DESCRIBING THE INTEGRATED COUPLER

Parameter Description Parameter Description
I Transmitter length Iy Receiver length
Lt Winding width of L; Lo Winding width of Lo
l“,fl Winding width of L l“,fQ Winding width of LfQ
dq Air-gap distance day Ferrite—aluminum distance
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Fig.2. Maxwell-simulated k1 _» with different width ratio r7; and r5.

power transfer. Therefore, the size of compensation inductors is
designed to be the same as the main coils to maximize coupling.

Meanwhile, the same-side coupling coefficients, k;_¢; and
ks_f2, do not contribute to transfer power. In this design, main
coils are unipolar and the compensation inductors are in DD
structure to minimize k;_y; and ko_ 9. It needs to be clarified
that, as an alternative design, the main coils can also be in DD
structure while the compensation inductors are unipolar.

Fig. 1(b) shows the front view of the integrated magnetic
coupler. Ferrite plates are 25 mm larger than the coils. Also,
aluminum sheets are 25 mm larger than the ferrite plates. The
distance da; between the ferrite and aluminum plates is 15 mm
in order to reduce induced eddy-current losses in the shielding.

The parameters describing the coupler dimensions are defined
in Table I. Both the transmitter and receiver are square, and their
lengths are defined as [} and [», respectively.

B. Dimension Design

The dimensions of the coils are chosen according to the
recommendations in SAE J2954 standard [29]. The primary
coil size is [; = 450 mm, and the secondary coil size is [ =
300 mm. The transfer distance is d, = 120 mm. To simplify the
design process, winding width ratios are defined

lw1 2><lwf1
L1 = Tﬂ“Lfl = T

lw2

2 X lwfg
, L2 :l_arLfQZ .
2

ly
@)

It needs to be emphasized that, for a practical coil, the range
of winding ratios is usually from 0.05 to 0.45. Finite element
analysis by Maxwell is used in simulation.

Fig. 2 shows that, in the well-aligned case, the primary coil
width ratio 77 ; dominates the main coupling %k, _», and the in-
fluence of 15 can be neglected. Therefore, the primary winding
width ratio 7,1 is chosen to be 0.45.

In x-direction misalignment, k;_, is simulated in Fig. 3, in
which rz; is 0.45 and rro varies. For the main coils, the mis-
alignment performances are the same in the x- and y-directions,
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Fig. 5. Maxwell-simulated k71 79 in misalignment when 7, yo = 0.25 and

rr g1 varies. (a) x-misalignment. (b) y-misalignment.

because they are unipolar and square. In this design, rzo is
therefore set to 0.45 to reduce conduction losses. Then, ki _»
is therefore 0.270 in the well-aligned case, and decreases to
0.110 at 150 mm misalignment.

For the compensation inductors, the simulated ky;_s is in
Fig. 4. It indicates that ky;_;o increases with the increasing
r1 1, and it is almost constant after r, rq is 0.30. Furthermore,
kyi—fo is largest when 7o = 0.25. Therefore, the optimal
range of rr ¢y is from 0.30 to 0.45, and 7z y» is set to 0.25.

The x- and y-direction misalignment performance of k7 _yo
is shown in Fig. 5. It is set to 0.30 to reduce the usage of Litz
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Fig. 7.

Circuit topology of an LCC-compensated dual-coupled IPT system.

wire. When 7z ;1 = 0.30 and 77 p2 = 0.25, kpy_fo = 0.136 in
the well-aligned case, is 0.097 at 150 mm x-misalignment, and
is —0.017 at 150 mm y-misalignment.

The couplings coefficient ki_y1, ki_y2, kf1—2, and ka_yo
need to be considered in y-misalignment cases due to the asym-
metry of the coupler structure, as shown in Fig. 6. The maximum
k1_s1 1s 0.015 and the maximum ky_¢5 is 0.005, which can be
both neglected. However, the maximum cross couplings £;_ so
and K7y are 0.115 and 0.139, and so should be considered.

III. WORKING PRINCIPLE OF LCC-COMPENSATED
DUAL-COUPLED IPT SYSTEM

A. Coupler Structure

The circuit topology of an LCC-compensated dual-coupled
IPT system is shown in Fig. 7. Coils L; and Ly, are integrated
together as a transmitter. Coils Ly and Ly, are integrated as
a receiver. There are four significant couplings, k12, kyi_y2,
ki_yo, and kpi_p in the system. The compensation inductors
share the same ferrite and shielding plates with the main coils.

In the compensation circuit, capacitors C; and C'y; are used to
resonate with Ly and L, respectively, and Cy and C'y resonate
with Ly and L. At the primary side, a dc voltage source V;,
is used as the power supply, followed by a full-bridge inverter
used. Furthermore, an uncontrolled diode rectifier is adopted at
the secondary side to provide dc current to a battery load V.

B. Output Power Calculation

The fundamental harmonics approximation (FHA) method
is used, as shown in Fig. 8. The square-wave voltages can be
approximated as sinusoidal sources. The magnetic couplings
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Fundamental harmonics approximation of the circuit.

are represented by dependent sources. The power losses of the
components are neglected to simplify the analysis.

The KCL equations of Fig. 8 are expressed as in (3), shown
at the bottom of this page.

The resonant relationship is expressed as

wQLflel = w2LfQCf2 =1
w2(L1 - Lfl)Cl = wQ(Lg - Lfg)Cg = 1. (4)

By substituting (4) into (3), it can be simplified as

0 JwLp  jwMypi_po jwMypi o
JwLyy 0 JwMi_yo  jwMi_o
jWMfka jWMl—fQ 0 jWLf2
JwMp o jwM;_5  jwLps 0

I Vi

I 0

L| || ©

Iro 0

Therefore, the input and output current can be calculated as

b-M

7(7']”] —2
I o b? —a-c b2 —a-c Vi (6)
Ll | eMis —a-M; 5 Vi
2 b2 —a-c b2 —a-c 2

where, a, b, and ¢ are defined as

a = jw . (—QMfl,QLfl)
b=jw- (=L Lo+ Msi_poMi_9 — My1_oMy_y2)
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If V5 is set as the reference phasor, and the phase difference
with V] is defined as «, the currents are

M _ . .

5= 0 fecosa [Vl +b- [Va]) — j e simac| Vi
M, _

I = ﬁ [b-cosa-[Vi| —a-|Va]) +j - b-sina-[Vi].

®)

At the output side, the voltage V5 is in phase with current
(—15) [13], which means (—1») is a positive real number, result-
ing in

a |V
cosSQy = — « ——. ©)
b [V
Therefore, the currents are further simplified as
M b —a-
h= gt (FE Wl essina )
M
L=—""p.j-sina-|Vi. (10)
c

b —a-

The output current I, only depends on the input voltage V7,
which means the proposed circuit behaves as a current source.

If the main coupling is designed to satisfy k;_o > 0, the
second equation of (10) indicates sinav > 0, therefore

Al
s

The system output power is therefore expressed as

sina =

(1)

|b]
P = . I :M_ . .
out “/2| |2| 1-2 |b2—a~c|
Vil - V2l (12)
If |V | = |V4], the output power can be simplified as
b — laf® )
Powe = [Va| - [I| = My 5 - 55— - [Vi|". (13)
[0 —a-

By substituting (7) into (13), it is expressed as (14), shown at
the bottom of this page.
Using the coupling coefficients in (1), it is simplified as (15),

c=jw-(=2Mi_psLys). (7)) shown at the bottom of next page. where § and +y are defined
Jwly + ﬁ _jwé'fl JwMyp1_fo JwMyi o I 1%
_jWéfl jwlcl + jWéfl +ij1 jlefo jLUM172 ILl _ 0 (3)
JwMy g2 JwMi—p> Jwlps + 7567 — 7ot I V)
JwMyy o JwMy_s o0 jwlcz + ﬁ + jwlLs Iro 0
M _5 - \/(LflLfQ — My _oMyp_yo + Mf‘l—QMl—f2)2 - 4(Mf1—2Lf1)2
Pouy = -l (14)

w ‘(LflLﬂ — My oMy o + Mgy oMy _f9)* — 4(Myy o Ls1 ) (My_p2Lyo)
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as follows:

ﬁ: \/LlLQ 7:@.\/.[/]"1[/2
VLsiLpy Lyas \/Ly2Ln

(16)

Three parameters K, Ko, and K3 can be defined as

Ky =k okpi_po3, Ko = ky1 ok 28, K3 = kg1 _okyp120.

(17)

It shows that Ky, K5, and K3 relate to the coupling coefficient
and inductance ratio. The output power is simplified as

kl_Q\/LlLQ ) \/(1 - Kl +K2)2 — 4K3’7 )
wLyi Ly ’(1 C Ky 4 Ky)? — 4Ky

Pout = |2

Vi
(18)
If the parameters satisfy | K| Ky| << 1.0, |K; K3] << 1.0,

and | K, K3| << 1.0, the output power can be approximated to
be

N k1-2v/ L1 Loy ) 1—- K, + Ky —2K3y

Py & Vil 9

o L Ly T2k, —2K, 1l 19
Furthermore, it can be simplified as
ki1—ov/ L1 L 1

Py~ —2¥ 12 Vil (20)

vaflLfQ . 1—-K; —3Ky +2K3y

According to the coupler design in Section I1, thereis k1 _» ~
k1_yo, resulting in K> ~ K3 and the system power is

P~ ki_ov/LiLs _
out WLflLfQ

ViR @D

1— K1 —(3-27)K;

When well aligned, there are no cross couplings kri_» and
k1_y2, which means Ky = K3 = 0. The output power is sim-
plified as

VLiLy k12

: A
whyLy 1-K, vil

Pout = (22)

In an IPT system, misalignment leads to a decrease of k;_.
According to (20), the system power also drops with &y _5. Since
K, K,, and K3 relate to the magnetic couplings, they can be
designed to improve the misalignment performance.
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C. Power Flow Analysis

It is also necessary to analyze the power flow among the
magnetic couplings, which can be expressed as

Sti—p2 = Prip2 + jQp1-p2 = jwMyp1 g2 - I - I3
Si—po =Pi_jo+jQi_yo = jwM_yo - Iy - I3

M - *
- M1 Lo(~Mpo I = Ly - 1) - I3
1-2
Sti—o = Pria +JQf1—2 = jwMyp o - Iy - I},
. M — *
:jw# Iy (=Lpy - Iy — My_go - I)
1-2
Sico =Pio+jQi-2 = jwMi_o - I1 - I7,
)
= ]\272 (=Myp1—o - Iy — Lys - I5)

(=L -y = My_gy - )" (23)

If the phase difference between I; and (—1I) is defined as «,
according to (9) and (10), there is

> —a-c¢ cosa

tana; = — - . 24)
a-c sin av
It is further calculated that
Mo j-c-sina- |V
L-I=1 -1, = V| =My —i————
14y 112 < b V2| 1-2 2 a-c
M5 . My 1
sy =— 'Pou, . '7'Pu,
2 b IR b tan ag out
N o My 1 j-c-sina 1
LI =j - —=2. .|V2|.]\4172.J2
b sin oy b> —a-c cosay
My -¢c 1
|‘/i|:_] 1b22 t - Lout
SN vy COS Oy
. j-b-sina
L - I =M _y ——— |Vi| I
2+ 1g -2 T Vil - I
M, _ 1
=—j 2. Pous. (25)
c tan ay

By substituting (25) into (23), the complex power received at
the secondary side is expressed in (26).

Using the parameter definitions, the complex power received
at the secondary side is simplified in Table II. There are both
active and reactive power transfers among the couplings.

The active power flow across the couplings is shown in Fig. 9.
If the power losses in the circuit components are neglected, the
total power transferred from the primary side is equal to the to-
tal power received at the secondary side. This shows that active
power is transferred from the primary side to the secondary side
through four paths. The first path is from the primary main coil

Pou =
! walLfQ

k‘l,Q\/Lng \/(1 - kl—zkfl—f2ﬁ + kfl_gkl_f2ﬁ>2 — 4kf‘1_2kf1_25'y
‘(1 — ky_okpi_ o3+ kp1_oki_ 2 8)° — dks1_oki_sof3

Vi |? (15)
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TABLE II
POWER RECEIVED AT SECONDARY SIDE THROUGH MAGNETIC COUPLINGS

Coupling Active power Reactive power
_ K, -P _ K 1
Liv =L Priojo = i35y ;,klpi“zéz Qflf{? = Tk 3 K; Tanay Lout
_ Ky -Pg, _ (: 1 1 1
Ly - sz Pl*f2 - 171{&'21;0[;'; Ql—f?[* 17K12+K2 "tanag Pout + P ;r;nnl Pous
_ —K3-Poy A _ {5 L1 —2K
Ly =Ly Ppi—a = 1*1\'21+Kt2 Q2= 1*K12+K2 tanaj Pout + (1-K1+K,)? si)ncu'cosal Pout
_ —(1-K9)-Pous __1-K -1 1 2K
Ly =Ly P2 = =ik, @12 = TRy mmmartont 3 mmmay Pout Y T T anayeeray  Lout
D ADA L Lo IV. EXAMPLE OF LCC-COMPENSATED DUAL-COUPLED

KiPou  KoPou
TK+K, TK+K,
Ch==(1-K,)P,
1K, +K,
KZPOIII
1K, +K,

-KoPou KiPou
TK+K, 1-K-+K,

Fig. 9. Active power flow across the couplings in a dual-coupled system.

L, to the secondary main coil Lo, the second path is from the
primary main coil L; to the secondary compensation inductor
Lo, the third path is from the primary compensation inductor
Ly to the secondary main coil L, and the fourth path is from
the primary compensation inductor L to the secondary com-
pensation inductor L. These paths can be exploited to improve
the misalignment performance

—JwMy o Mg _¢2

b : Pout)

Pout) Si_fo=Pi_f2

WMy _ o Mypq_
.Pom>+< 1—foMf1-9

Spi-f2 = Pri—po+jQp1-f2= (

(—wM1—2Mf1—f2 1
_|_ .
b tan ag

. WMy _ o Mrq_
g = (MM

b
wMy_9L 1
tan ay c tan ay
. jwMy_ o M sy — WMy _poMysq_
Qs = (Jlf;ﬂ2 .pout> N <1f;f12
1 —wMypi_9 - L -c
T Pout + B} .fl 2 1 'Pout 51—2 = P1—2
tan o b? - sin oy - cos ar
. jwL 1L 2 —'le_ 2M 1-2
+JQ1—2 - (J];)f 'Pout + J bf ! 'Pout
n —wMy_ppMp o 1 —wMi_yoLyo
b tan a;g out c
1 wal,g ~Lf1 - C _(A)LflLfQ
T out + 2 . : out - 7
tan oy b? - sinay - cos ag b

1
: : Pout) . (26)
tan af

IPT SYSTEM
A. Misalignment Performance Analysis

The conventional LCC-compensated system [13], in which
the coupler contains only the main coils, is defined as a single-
coupled system. In this paper, the proposed system, in which the
coupler contains the main coils and the compensation inductors,
is defined as a dual-coupled system. Their output power are
denoted as Fiingle and Pyyal, and expressed as

o VL, ViR
Psmglc— WL Lo k172 ‘VH
Lo @D
_ ki oVIiLy | 1 .
Pdual = TWwLiiLps T-K; —(3-27)K, |‘/1|

When there is misalignment, k; _o decreases, which leads to
a decrease of system power. According to the definitions of K
and Ko, the structure of the proposed coupler can be designed
to achieve increasing K; and K, with increasing misalignment.
In this way, the misalignment performance is improved.

Considering the simulation in Section II, the polarity of L >
should be flipped to achieve kf1_fo < O and kpy_oki_f2 > 0,
which leads to the increasing of K and K> with misalignment.
Using (20) and (22), a coefficient h can be defined as

(1 - K1>|well—aligned
(1 — Kl — 3K2 + 2K3")/)|

h= 28)

mis—aligned

According to (17) and the parameters in Section II, & can be
calculated in 150 mm x- and y-misalignement cases as

h| _ 140.03678
=150 mm 1+0.01075
(29)
h| _ 1+0.03678
y=150 mm 1—(0.0499 —0.0386~)03

It shows that increasing § helps to increase A in both x-
and y-misalignment, which can improve the misalignment per-
formance. Also, decreasing ~ improves the y-misalignment
performance.

In x- and y-misalignment, the normalized output power rela-
tionship with the inductance ratios 3 and +y is shown in Fig. 10.
It is compared to a single-coupled IPT system using only the
main coupling coefficient k1 o

There are two comparisons in Fig. 10. First, a single-coupled
system is compared to the proposed dual-coupled system. The
proposed system improves misalignment performance. Second,
different dual-coupled systems have different performances. It
validates that increasing 3 and decreasing y both improve the
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Fig. 10.  Comparison of a single-coupled and dual-coupled LCC-compensated

IPT systems with different inductance ratios 3 and ~ (a) Calculated normalized
output power in x-misalignment. (b) Calculated normalized output power in
y-misalignment.

misalignment performance. Fig. 10 and (29) provide guidelines
to design the circuit parameters.

Fig. 10(a) shows the x-direction misalignment. Since cross
couplings ki_yo and kji_» are small, the x-direction mis-
alignment performance is only determined by /3 and is inde-
pendent of . The x-direction misalignment is improved with
increasing /3.

Fig. 10(b) shows the y-direction misalignment, in which the
output power increases with increasing 3 and decreasing ~.
When (3 becomes larger, there are two peaks in the output power,
which can increase the component voltage stress.

B. Circuit Parameter Design

In this section, a 3.5 kW system is designed. According to
Fig. 10, the inductance ratios are selected to be § = 8.5 and
v = 0.4. Considering the size difference of main coils, the in-
ductances satisfy L; = 1.5 X Lo. Therefore, according to (4),
(16), and (18), the specifications and circuit parameters are
shown in Table III.

The parameters K, K5, and K3 can be calculated for differ-
ent x- and y-direction misalignments, as shown in Fig. 11.

Fig. 11(a) shows K increases with the x-direction misalign-
ment. Since k;_sy and kyy_y are zero in the x-direction mis-
alignment, K and K3 are also zero. According to (20), increas-
ing K helps to improve the x-direction misalignment perfor-
mance.

Fig. 11(b) shows K increases with the y-direction misalign-
ment. According to (18) and (20), increasing K, Ko, and K3
leads to an improvement of misalignement. Since there is a
maximum value of Ky and K3, it indicates that there could be
a maximum value of power, which is consistent with the two
peaks in the waveform of system power in Fig. 10(b).
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TABLE III
SYSTEM SPECIFICATIONS AND CIRCUIT PARAMETERS

Parameter Value Parameter Value
Vin 220V Vout 220V
5t 450 mm Iy 300 mm
lw1 202 mm lw2 135 mm
lw 1 67 mm L f2 37 mm

la 120 mm fsw 85 kHz
k1—o (well aligned) 0.270 kyg1—po (well aligned) 0.136
k1 f2 (maximum) 0.115 k12 (maximum) 0.139
Lgy 28 uH Lo 45 uH
Ly 360 uH Lo 240 uH
Cfl 125.2 nF Cfg 77.9 nF
Cl 10.6 nF Cz 18.0 nF

=150 =100 =50 0 50 100 150

x-misalignment (mm)

(a)
0.2
.—...---....____._-.:_“_h. ’.:::____....- —————
e PRt
- S P
= K
= 1
D e L L e e e KZ |
————————— K_‘
-150 =100 -50 1] 50 100 150
y-misalignment (mm)
(b)
Fig. 11. Calculated K7, K>, and K3 at x- and y-direction misalignment

(a) x-misalignment. (b) y-misalignment.

Using Table IT and Fig. 11, the power distribution among
the couplings is studied as shown in Fig. 12. Compare Figs. 10
and 12, it shows that the the curve of P;_5 in Fig. 12 is much
smoother than that in Fig. 10, either with x- or y-misalignment. It
is because the integration of the compensation inductors changes
the power flow. It is also consistent with the definition of P, 5 in
Table II, which shows that K; and K can contribute to improve
the misalignment performance.

Fig. 12(a) indicates that, in x-misalignment, P, _» and Pry_ ¢
contribute to the system total power FP,,. There are two power
transfer paths: from L; to Ly and from Ly to Ly».

Fig. 12(b) indicates that, in y-misalignment, P,_3, Pi_;2,
Pri_5, and Pyi_so contribute to the system total power P ;.
There are four power transfer paths: from L; to Ly, from L; to
Lgo, from Ly to Lo, and from Ly to Lyy.

C. System Simulation

LTspice is used in simulation. C; is increased by 10% to
19.8 nF to realize a soft-switching condition [13]. In the well-
aligned case, the waveforms are shown in Fig. 13.
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Fig. 13.  LTspice-simulated input and output waveforms at well-aligned case.

It can be seen that, at both the input and output, the voltage
and current are almost in phase, which limits the reactive power
circulating in the resonant circuit and reduces power losses.

The LTspice simulation provides the currents. According to
[13], a 3.5 kW single-coupled system can be designed using the
same voltages and dimensions. The number of turns of the coils
can be acquired from the prototype design, as shown in Fig. 15
in the next section. The comparison of currents and number of
turns is shown in Table IV, which shows that the dual-coupled
system can reduce the currents in main coils L1 and L.

Using the currents in Table IV as excitations, magnetic field
emissions are simulated in Maxwell, as shown in Fig. 14. Ac-
cording to ICNIRP 2010 guidelines, the limit on magnetic field
strength is 27 T at 85 kHz for general public [30].

In Fig. 14(a), the coupler contains coils L;, Ly and inductors
Ly1, Lyo. The safe area is about 200 mm from the side and
300 mm from the top. In Fig. 14(b), the coupler contains only
Ly and Lo, but the excitation currents are larger. The safe area
is the same as Fig. 14(a). It can be concluded that the integration
of Lyy and Lo does not significantly increase field emissions.
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Fig. 14. Maxwell-simulated magnetic field emission of the magnetic coupler.
(a) Compact coupler consistingof L1, Lo, L 1,and L y5. (b) Coupler consisting
of L1 and Lo

V. EXPERIMENTS
A. Experimental Setup

According to Section II, a prototype of the dual-coupled mag-
netic coupler is constructed, as shown in Fig. 15.

The coils and inductors are wound by AWG38 Litz wire.
To obtain the inductance in Table III, L; has 30 turns, Lo has
31 turns, Ly has 4 turns, and L ¢ has 6 turns. Multiple litz wire
bundles can be connected in parallel to reduce conduction loss.
In future research, the IPT system will be studied to optimize the
system cost, considering the hardware cost and the saved energy
during its life cycle [31]. Using this coupler, an experimental
setup is shown in Fig. 16.

In this setup, the magnetic material PC40 is used to build the
ferrite plates. They are placed close to the coils to increase the
coupling. Aluminum sheets are placed on the top and bottom
of the ferrite to provide a shielding effect. To reduce losses,
film capacitors with a dissipation factor of 0.05% are chosen.
SiC MOSFETs (C2MO0025120D) are used in the inverter. A dc
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450mm | |

Fig. 15.  Prototype of a dual-coupled magnetic coupler. (a) Main coils L; and
L. (b) Compensation inductors L1 and Lys.
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TABLE IV
CURRENTS AND NUMBER OF TURNS IN THE SINGLE- AND DUAL-COUPLED s [ Ploss
IPT SYSTEMS 94.852 % 1 89.2 1 W
Uipk3 Az
Components Ljgy L Lo Ly 222‘40 v 0‘81 06
Rea3 Req2
Parameters Current Turns Current Turns Current Turns Current Turns | 1 3. 1 7 1 ohm 1 3-948 ohm
Single-coupled 18.3A N/A 11.6A 30 75A 31 176 A NA (b)
Dual-coupled 183 A 4 100A 30 63A 31 17.6A 6
Fig.17.  Experimental waveforms and efficiency at well-aligned case. (a) Input

i - Transmitter

Fig. 16.
IPT system.

Experimental setup of an LCC-compensated dual-coupled

source is used at the primary side, and the secondary side is
connected to an electronic dc load to emulate a battery.

B. Experimental Results

When the transmitter and receiver are well aligned, and the
input and output dc voltage are both 220 V, the system reaches
full power. The experimental results are shown inFig. 17.

and output waveforms. (b) Power and efficiency.

f =T = R = . = ]
2w B th
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=
=
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1000

0 500 2500 3500

Fig. 18.  Experimental results of output power and dc—dc efficiency.

The experimental waveforms agree with Fig. 13, and the
soft-switching condition is achieved in the MOSFETs. Therefore,
switching losses in the system are small. Fig. 17(b) shows that
the system output power can reach 3.48 kW with a dc—dc effi-
ciency of 94.8% from the dc input to the dc output.

In the well-aligned case, the power and efficiency are shown
in Fig. 18. The dc—dc efficiency increases with system power.
When the power is higher than 500 W, it can achieve a
dc—dc efficiency higher than 94%. In future research, better
ferrite material will be used to to increase the system efficiency.



6400

B —

/\\/f\l

]

o oov 100V (! ]
Value

Mean Min |
@ frequency 33.01KHz 447.2k  S5.00K  142.5M 4 Som  [[o0ms 250Ms/% [ @ e \fl
@D Amplitude 152V 15.0 1.60 26.8 1.49 [+~ 120.000ns _}| 10k points

€ Amplitude 438V 306 16.0 440 152

] | 3 s 15:48:25

@ v @ Too v ] [<] A )

Value Mean Min Max std

Dev
Frequency £5.02kHz 1.228M 4824k 136.4M  G.do7M  |[4.00Hs ][Kws—’! I[ [ IR
Amplitude 152V 15.3 160 268 228 ii+~-120.000ns |10k points
& Amplitede 396V 130 16.0 440 07

14 Nov 2016
16:24:21

—a

(4]

(b)
Fig. 19. Experimental waveforms in 150 mm x- and y-misalignment cases.
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The system is also tested in 150 mm x- and y-misalignment
cases. The experimental waveforms are shown in Fig. 19.

The experimental waveforms show that soft switching can
still be maintained in the misaligned cases, so the system can
realize a relativly high efficiency. Fig. 19 also shows that there
is no apparent noise in the drive signal Vjyive-

With x- and y-misalignment, the output power is com-
pared with the calculation in (18), as shown in Fig. 20. With
150 mm x-misalignment, the output power decreases to
1980 W, which is 56.8% of the well-aligned value. With
—150 mm y-misalignment, it decreases to 2880 W (82.6% of
the well-aligned value). With +150 mm y-misalignment, it is
3130 W (89.8% of the well-aligned value). It validates that the
proposed system has good misalignment performance.

Fig. 20 also shows that experimental results are consistent
with the calculation. Since the calculation is based on the FHA
method and only the fundamental harmonic current is consid-
ered, the power difference in Fig. 20 can be explained by the
presence of third-order harmonics [13]. Also, in Fig. 20(b), the
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output power is asymmetric. This is due to asymmetry in the
DD structure of the hand-made inductors Ly and L.

The relationship between the normalized power and the main
coupling coefficient k; _o are also measured in the single- and
dual-coupled systems as shown in Fig. 21.

In Fig. 21, the output power of the dual-coupled system are
measured in both x- and y-misalignment cases. Compared to
the single-coupled system, it indicates that the proposed system
contributes to improve the misalignment performance, and the
y-direction performance is improved even further.

VI. CONCLUSION AND FUTURE WORK

In this paper, a dual-coupled LCC-compensated IPT system is
proposed to improve the misalignment performance. The com-
pensation inductors are integrated into the main coils to transfer
power to the secondary side. The circuit working principle of the
dual-coupled IPT system is presented in detail, and it is shown
that the magnetic couplings of the compensation inductors can
improve the misalignment performance of an IPT system. Ex-
perimental results show that the proposed IPT system can retain
at least 56.8% and 82.6% of the well-aligned power at 150 mm
x- and y-direction misalignment, respectively.
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In future research, a thorough economic analysis of the com-
pensation inductors will be conducted to minimize the system
cost, which includes short-term hardware cost and long-term
energy cost during the life cycle. There is a tradeoff between
the short- and long-term costs. For integrated inductors, since
they share ferrite plates with the main coils, only the copper cost
needs to be considered. If more copper is used, the short-term
cost is increased but the long-term energy cost can be reduced
due to higher efficiency.
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