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Circuit Models and Fast Optimization of Litz Shield
for Inductive-Power-Transfer Coils

Ming Lu

Abstract—The metal shields with plates or rings are usually
added to the inductive-power-transfer coils to attenuate the stray
magnetic field. However, the coil-to-coil efficiency is reduced own-
ing to the extra losses on the shields. This paper introduces the
litz shield which attenuates the field with smaller shielding loss
thanks to the uniform distribution of the shield current. Two types
of litz shields, i.e., shorted litz shield and driven litz shield are dis-
cussed in detail. Their performances are analyzed with the circuit
model composed of four coupled inductors. The efficiency and the
field attenuation for the coils with litz shields are optimized with
Pareto fronts. A fast method to derive the fronts using a lumped-
loop model is described. Only tens of finite-element simulations
are required in the entire optimization. The coils with different
shields were optimized to transfer 100-W power across 40-mm gap
with the same efficiency. The measurement results prove that the
shorted litz shield is more effective than the other shields. It atten-
uated 23% more of the stray magnetic field compared to the coils
with traditional metal shield.

Index Terms—Coils, efficiency, inductive power transfer (IPT),
litz wire, magnetic field, shields.

I. INTRODUCTION

NDUCTIVE power transfer (IPT) to charge electric vehicles
I uses loosely coupled coils to replace the cables and plugs
[1]-[4]. Planar coils are suitable for the applications that re-
quire mechanical simplicity and constrained depth, so they are
commonly used in IPT. The design process of IPT coils for
power transferability and efficiency has been demonstrated in
literature [S]-[11].

Significant stray magnetic field exists around the IPT coils
owning to the gap. It represents either leakage field or cou-
pling field, depending on the distance from the measurement
position to the coils [12]. The magnetic field B(¢) at the point
of measurement is decomposed into B;(t) (i = X, Y, Z) in
three orthogonal orientations, as shown in Fig. 1. B;(t) is
sinusoidal because it is proportional to the winding currents
which are roughly sinusoidal in IPT. The magnetic field B(r)
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Fig. 1. (a) Plate shield and (b) ring shield to attenuate stray magnetic fields
around coils.

is quantified as

_ 2
b= Zi:X,Y,Z B (1)

where B; is the RMS value of the sinusoidal B; (t).

International Commission on Non-Ionizing Radiation Protec-
tion reports that the effects such as the stimulation of nervous
tissues and induction in the retina of phosphenes are caused
by the exposure to time-varying magnetic field [13]. The fer-
rite plate in Fig. 1 is commonly used for field attenuation. The
methods such as optimizing the size of ferrite plate [14], tuning
the distribution of turns [15], or controlling the currents’ phases
in coils [16] can attenuate the stray magnetic field. However, the
magnetic shield only is not good enough for high-power appli-
cations such as the charging of electric vehicles. Active shields
or passive shields are always applied together with the magnetic
shield.

Active shields are realized with shielding coils placed around
the power-transfer coils. The stray magnetic fields penetrating
the active shields are sensed to calculate the magnitudes and
phases of the currents in the active shields. Using tunable ca-
pacitors is one way to actively control the shielding current [17].
Tunable capacitors which are realized by capacitor blocks and
active switches are connected to the shielding coils. With the
voltage across the shielding coils induced by the power-transfer
coils, the shielding current is determined by the impedance of
the shielding coils plus the tunable capacitance. Another method
is to supply the shield current directly from an ac current source
[18]. The shielding current flows in the opposite direction to the
current in the power-transfer coils. The position and currents
of the active shields are optimized according to the structure
of the power-transfer coils. To make the active shields simpler
to implement, another method is demonstrated in [19] to at-
tenuate the stray magnetic field with the winding current in the
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power-transfer coils. The shielding coil is reversely connected to
the power-transfer coil in series. The magnetic fields generated
by the power-transfer coils and by the shielding coils attenuate
each other on the side of the coils.

Passive shields are made of conductive materials which are
placed around the IPT coils [20]-[25]. Different shapes of pas-
sive shields have been used for inductive-power-transfer coils.
Fig. 1 shows two of the most commonly used passive shields
with plate structure and ring structure. The plate shield im-
plements the metal plate underneath the ferrite plate. The ring
shield uses the metal ring on the side of the coils. When passive
shields are added to IPT coils, the magnetic fields generated by
the windings induce eddy currents in the shields. The directions
of shield currents and winding currents are opposite, leading to
reduced magnetic field around the coils. The dimensions and
position of the passive shields should be optimized for field at-
tenuation and efficiency. However, even with this optimization
of dimensions and position, the shield current in Fig. 1 mostly
flows on the surface owning to skin effect, which significantly
increases the shielding losses. In order to overcome this prob-
lem, shields made of litz wires are used.

In this paper, two types of litz shields, shorted litz shield and
driven litz shield, are discussed in detail. Shorted litz shield
belongs to passive shield because the field is attenuated by the
induced eddy current. The shielding turns of litz wire are self-
shorted and disconnected from the windings. The driven litz
shield is the same as the shield in [19] and belongs to active
shields. Its shielding turns are connected to the windings in
series, but in the reverse direction. The stray magnetic field
is attenuated by the supplied current that flows in the shield.
Both the induced eddy current in the shorted litz shield and the
supplied current in the driven litz shield are evenly distributed,
so the shielding losses are reduced. The circuit models with
four coupled inductors are derived to analyze the performance
of coils with litz shield. The windings’ currents, shields’ cur-
rents, equivalent inductances, and equivalent resistances are all
calculated from the circuit models.

Pareto fronts are used to optimize the coil-to-coil efficiency
and the stray magnetic field of litz shield. The fronts are plot-
ted on a Cartesian coordinate system. The horizontal axis and
vertical axis represent efficiency and magnetic field, respec-
tively. One straightforward way to derive the Pareto fronts is
to sweep the physical parameters of the windings and shields
in finite-element simulation, such as the inner and outer radii
of the windings, the dimensions of the shields, and the turns’
distributions of the windings and shields. However, this takes
thousands of simulations which are very time consuming. A
faster method to derive the Pareto front is demonstrated in this
paper, which will be explained in detail in Section III. In this
method, the coils with litz shield are replaced with the lumped-
loop model, in which the windings and shields are represented
by several loops. It is called the lumped loop because each loop
may contain several winding turns. Those physical parameters
to sweep in the coils with litz shields are represented with the
turns’ numbers of the loops. As long as the number of turns for
each lumped loop is known, the inductances and stray magnetic
field can be calculated instead of being simulated. Then, the
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Fig. 2.  Side view of coils with (a) shorted litz shield and (b) driven litz shield.

efficiency and magnetic field are derived accordingly. There-
fore, sweeping physical parameters in finite-element simulation
is replaced by sweeping turns numbers of lumped loops in cal-
culation. Only tens of simulations are required in the entire
optimization. This makes the optimization faster without losing
the accuracy.

With the method of lumped-loop model, the Pareto fronts for
the coils with litz shield are derived in this paper for an IPT
system which transfers 100-W power across 40-mm gap. Pareto
fronts of coils with metal shields are derived for comparison.
The optimal designs of plate shield, ring shield, shorted litz
shield, and driven litz shield are selected along the fronts for
around 94.5% efficiency. The selected structures are fabricated
and measured in experiment. The simulation and measurement
results match well. The shorted litz shield is more effective than
other shields. It attenuates the stray field by 65% compared to
coils without metal shield, and attenuates the field by at least
23% more effective compared to the coils with other metal
shields.

Section II demonstrates the structures and circuit models of
the litz shield. Section III shows the calculation of stray magnetic
field and efficiency using the lumped-loop model. Section IV
summarizes the procedure of fast optimization with lumped-
loop model and Pareto fronts. In Section V, the performances
of coils with different shields were compared in experiment to
transfer 100-W power across 40-mm gap with the same effi-
ciency. Section VI concludes this paper.

II. LItz SHIELD FOR INDUCTIVE-POWER-TRANSFER
COILS AND THE CIRCUIT MODEL

A. Structures of Litz Shield

The current of the metal shield in Fig. 1 flows in the opposite
directions to the winding current, and this attenuates the stray
magnetic field on the side of the coils. However, the current
density is not uniformly distributed in the shield owning to
skin effect. The current density is higher in the region that is
closer to the winding because of the higher magnetic field. The
uneven distribution of the current increases the shielding loss
significantly.

The metal shields in Fig. 1 are replaced with the turns of litz
wires, as shown in Fig. 2. The cross section of the litz shield
is fully utilized with negligible skin effect, which reduces the
shielding loss. The turns of shields are connected in series, so
the shield currents are the same for all the turns. Fig. 2 shows
two types of litz shields. The shorted litz shield in Fig. 2(a) is
self-shorted, and it is disconnected from the winding. The eddy
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Fig. 3. (a) Circuit model of coils with litz shield and (b) its simplified circuit
model. Calculations of the parameters are summarized in Fig. 9.

current induced on the shield attenuates the field on the side.
The driven litz shield in Fig. 2(b) is connected to the winding in
series, but in the reverse direction. The fields generated by the
driven litz shield and by the winding have opposite directions
on the side of the coil.

B. Circuit Model of Coils With Litz Shield

The litz shields in Fig. 2 behave like additional coils which
are coupled with the windings. Fig. 3(a) shows the circuit model
of the coils with litz shield. The windings of the transmitter and
receiver are modeled as inductances L,,1, L, and equivalent
series resistances (ESRs) r,1, 2, Whereas the shields are mod-
eled as Lgj,1, Lspo and 741, 75,2. All of the four inductances
are coupled between each other. My, (;)_sp(;) is the mutual in-
ductance between the winding j and the litz shield 7, with i or j
= 1 representing the transmitter and i or j = 2 representing the
receiver; M, 1_9 is the mutual inductance between the wind-
ings; and M,y _¢p2 is the mutual inductance between the litz
shields. The parameters can be extracted from simulation, or
calculated with lumped-loop model in Section III.

The circuit model in Fig. 3(a) is simplified to the model in
Fig. 3(b) with only two coupled inductors. In Fig. 3(b), the
equivalent inductances Lrx, Lrx, and Mrx rx and the equiv-
alent resistances rrx and rrx are derived from Fig. 3(a). TX,
TXs,RX;, and RXj are the terminals of the windings. The volt-
ages between the terminals in Fig. 3(a) are derived according to
KVL as

Va, b,
Va,p,
Vs, ¢,
Vs, o,
Lwl Mw17w2 Mwlfshl MwlfshQ
. Mu‘l—wQ Lw? Mw2—sh,1 Mw2—511,2
= jw
Mu;lfshl Mu,'Zfsh,l Lshl MshlfshZ
My1-sne Muw2-sn2  Msp1—sn2 Lpo
le
w2
X . (2)
*Ishl

Ish?
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For the coils with shorted litz shield in Fig. 2(a), B; and C}
are connected, and By and Cy are connected. The terminals A1,
Dy, As, and D> in Fig. 3(a) are equivalent to the terminals TX,
TXs, RX1, and RXs in Fig. 3(b), expressed as

[Va,p, Vayp, Ve, Veyo, | = [Vox,1x, Vexirx, 00].

3)

According to (2) and (3), the equivalent inductances Lrx,

Lgx, and M1x rx and the equivalent resistances rrx and rgx in
Fig. 3(b) are derived for the coils with shorted litz shield as

2
L - L Mwl—sh?
™X = Lbwl — —F
Lsh?
2
o (LshQMwlfshl - Mwlfsh?Mshlfs}ﬂ) (4)
2
Lsh? (LshlLshZ - MShlfshQ)
2
L - I Mw27shl
RX — Lw2 —
Lshl
2
- (LsthwQﬁGhQ - MwasthshlfshQ) (5)
2
Lant (Lsn1 Lsnz — M2, )
Mrx-rx = My1-w2
LshQMw2fshl - MU)ZfshZMshlfshZM
- 2 wl—shl
LshlLs/LQ_Mshlshg
Lsh,le27sh,2 - Mw2fsthshlfsh2 M
- wl—sh?2
Ls}llLs}’rzithl—shQ
(6)
2
o (MshlfshQMwlfshQ - MwlfshlLshQ)
TTX =Twl+ 5 3 Tshl
(L5h1L5h2 - Mshl—sh?)
2
(Mshlfsh?Mwlfshl - MwlfshQLs}d)
+ 5 2 Tsh2
(LShlLShQ - Mshl—shQ)
(7
2
o (Mshlfs}LQMw27sh2 _Mu'QfshlLshQ)
TRX =Tw2+ 5 3 Tshl
(LshlLsh? - M@hl—sh,Q)
2
(Mshlf.sh2Mw275hl - Mw27sh,2Lsh,1)
5 2 Tsh2-
(LShlLShQ - Mghlfsh?)
(3)

For the coils with driven litz shield in Fig. 2(b), C} and C,
are connected to Dy and D-, respectively. The terminals A,
B1, As, and By in Fig. 3(a) are equivalent to the terminals TX;,
TXs, RX;, and RXs in Fig. 3(b) as

(Va,s, Va,B, Veup, Veun, | = [Vexitx, Vexirx, 00].

)

According to (2) and (9), the equivalent inductances Lrx,

Lgrx, Mrx.rx and the equivalent resistances 71x, rrx in Fig. 3(b)
for the coils with driven litz shield are derived as

LTX - Lwl - Lshl
Lrx = Ly2 — Lspo

(10)
an
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Fig. 4. (a) Circuit topology with series—series compensation for inductive
power transfer and (b) its simplified circuit model.

MTXfRX = Mwlwa - MshlfshZ + MwlfshZ - Mw27shl
(12)
TTX = Twl + Tshl (13)
TRX = Tw2 + Tsh2- (14)

The currents in the shields are derived from Fig. 3(a). The
induced eddy currents in shorted litz shield are calculated as

Mul 9}71L9}72+Mu;1 shQMshl sh2 .

] t) = t
Zshl( ) LShlLShQ + Mghl ho 2% l( )
MuQ shlLshQ + MUZ ehQMehl sh2 . (t)
- w2
LalLlLaiLQ + Mshl sh2 "
(15)
M1 —spaLsn1 — M, My
Z‘shQ(t) _ wl—sh24/shl wl—shl14iVshl—sh2 Z.,wl(t)
L5}11L5}12 + M? shl—sh?2
Mw27sh2Lshl - Mw? sthshlfshQi (t)
- )2
LshlLstQ + M shl—sh?2 b
(16)

where i,,1(t) and 7,9 (t) are the winding currents of the trans-
mitter and the receiver, respectively.

The currents in the driven litz shields are the same as the
supplied currents in the windings as

t) (17)
£). (18)

The currents 4,1 (t), 4w2(t), isp1(t), and ispo(t) are used
to calculate the stray magnetic field, which is discussed in
Section III.

7;.5/11( ) - Zul(
(

Z‘317,2( ) - Zu )2

C. Circuit Topology With Series—Series Compensation

Different topologies have been proposed to compensate the
reactive power in inductive power transfer [26]—[31]. Fig. 4(a)
shows the circuit topology with series—series compensation. In
Fig. 4(a), Vin, Vou, and Iy, are the input voltage, output volt-
age, and output current, respectively. The capacitors C; and Cs
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are used to compensate the reactive power, and the resonant
frequency of Cy and Lty is the same as that of Cy and Lgy,
expressed as

1/ LrxCy = 1//LrxCy = 27 fy.

The simplified circuit model in Fig. 4(b) is used to analyze the
behavior of the circuit in Fig. 4(a). Under first-harmonic approx-
imation, the dc input voltage Vj, and the inverter are modeled as
sinusoidal voltage source Vinw in the format of phasor. The pas-
sive rectifier and the load are modeled as the equivalent resistor
R 4. The phasors fTX and fRX are the currents of transmitter
and receiver, respectively. The expressions of Vin,w and Ry ..
are

19)

Vi = (zﬂ/w) Vinsin (a/2) 20°

RLac - (8/7(-2) . (%1lt/1011t)

where « is the pulsewidth of the inverter’s output voltage, which
is used to regulate the bulk power transferred to the load by
controlling the phase shift between phase legs. Equations (22)
and (23) are derived from the simplified circuit model in Fig. 4(b)
with KVL

(20)

2

‘./in.,w - [TTX +.7 (WSLTX - 1/wbcl)] wl _.7 Ws M - IuQ

(22)
0=3j-wsM-Irx — [rrx + Rpac

+ 7 (wsLrx — 1/w,Cy)] Irx. (23)

In order to reduce the circulating energy in the circuit, the
inverter’s switching frequency equals the resonant frequency
of C) and Lrx. In this case, the coil-to-coil efficiency, which
is defined as the ratio of the receiver’s output power to the
transmitter’s input power, is derived from (22) and (23) as

(TRX + RL(I(:)2
(ws Mrx_rx)”

The windings’ currents 4,,1 (¢) and 7,2 (), which are used to
calculate the shielding currents in (15)—(18), are calculated from
the equivalent circuit model in Fig. 4(b) as

iw1(t) = [(TRLac)/(2ws Mrx —rx )] Toutsin(wst)
iwa(t) = (7/2) Lynesin(wst + 7/2).

Fig. 5(a) shows a set of coils with litz shield as an example.
The dimensions are labeled in the figure. There are 25 turns for
each winding, and the total number of turns for the litz shield
is swept from 1 to 8. The length of the square shield is fixed
to be 130 mm, so the spacing between the shield and winding
decreases with the shield’s turns number increasing. The litz
wire consists of 100 strands of AWG number 38 wires. Fig. 5(b)
and (c) shows the equivalent mutual inductances and resistances
versus turns number of litz shield. The inductances decrease and
the resistances increase with the shields added. Fig. 5(d) shows
the coil-to-coil efficiency, which is calculated from (24). The
efficiency is reduced because of the shields, so the optimization
of efficiency and field attenuation is necessary.

rTX

TRX
+ .
RLac

RLac

Neoit = 1/|1+ (24

(25)
(26)
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III. LuMPED-LOOP MODEL OF COILS WITH LITZ SHIELD

The inductances and resistances in Fig. 3(a) can either be
derived from finite-element simulation or be calculated with
lumped-loop model. When optimizing the litz shield, the phys-
ical parameters are swept. Simulating each case is too time
consuming for the optimization. The calculation with lumped-
loop model is more suitable for the optimization purpose, and
this section will describe the lumped-loop model in detail.

A. Lumped-Loop Model and Turns Vectors

Fig. 6 shows the lumped-loop model of coils with litz shield.
The winding and litz shield are replaced by several loops that
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are distributed on top of the ferrite plate with equal spacing.
Each loop is composed of certain turns. Turns vectors N,,; and

N2 describe the turns numbers for the loops of the transmitter
and receiver, respectively,
Nwl - [Nwl,l Nwl,Z e

N'wZ = [Nw2,1 Nu:Q,Z e

Nwl,N}

NwQ,N}

27
(28)

where N, (,) and Ny (,) represent the turns number of
loop 7 in the transmitter and receiver, respectively, with n =
1,2,...,N.Loop 1 represents the outermost loop, and loop N
represents the innermost loop of the windings in Fig. 6(b).

The turns vectors N1 and N2 describe the number of
turns for each loop of the litz shields in the transmitter and
receiver, respectively,

Ngp1 = [Ns‘h,l,l ]Vsh,l,Q t

Ngpa = []VshQ,l NehQ,Q t

Noniu |

Nana,u |

(29)
(30)

where Nyp,1,(n) and Ngjo(,,) represent the turns number of loop
n in litz shields of transmitter and receiver, respectively, with
n=1,2, ..., M. Loop 1 represents the loop that is most close
to the winding, whereas loop M represents the outermost loop
of the litz shield in Fig. 6(b).

The purpose of using two-dimensional (2-D) axial symmet-
rical structure in Fig. 6(b) is to better explain the lumped-loop
model and to label the elements of turns vector. The concept
of the lumped-loop model and the optimization methodology
are good for planar winding with different ferrite shapes (e.g.,
circular, square, or rectangular). For example, for the lumped-
loop model in Fig. 6, the windings and shields are replaced by
lumped loops, and the square ferrite plate is not changed. Three-
dimensional (3-D) finite-element simulations in Ansys Maxwell
are implemented to derive the permeance matrices and current-
to-field matrices for the lumped loops model, which will be
demonstrated in the following section.

The physical parameters of the coils are equivalent to the
turns vectors in (27)—(30). In Fig. 6(b), the loops shown as hol-
low circles are assigned zero turn to realize the values of Riyyer,
Router»> the length of the square shield, and the spacing between
the winding and shield. The numbers of turns for the loops
shown as solid circles represent the distribution of turns. There-
fore, with the lumped-loop model and turns vectors, sweeping
the physical parameters for the original coils such as Fig. 5(a)
is equivalent to sweeping the turns vectors in (27)—(30) for the
lumped-loop model in Fig. 6.

B. Inductances With Permeance Matrices

The lumped-loop model in Fig. 6 includes four parts: the
windings and shields of transmitter and receiver. The perme-
ance matrices in Fig. 7 are used to calculate the inductances in
Fig. 3(a), together with turns vectors.

The permeance matrices Ly, ;) and Lgy, ;) are used to calcu-
late the self-inductances of winding i and litz shield i, with i = 1
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representing the transmitter and i = 2 representing the receiver

Lw(i)
Lw(i),l Mw(i),lfw(i),N

My (i) 2-w(i) 1 My (i) 2-w(i),N

My iy, N —w(i),r Moy, N—w(i)2 -

Len )

Lpiy Mpiyi-shiy,2  Maniy,i—sh(iy,m

Mp(iy,2—sh(i)1 Loni),2 © Mh(iy,2—sh (i), M

Lop iy,
(32)

Mn iy —sh(iy,n Maniy,ar—sn(iy,2 =

where L., (i), and Ly ;) , are the self-inductances of loop n in
the winding and litz shield, respectively; M, ;). —w(i),m 18 the
mutual inductance between loops n and m of the windings; and
M (i),n—sh(i),m is the mutual inductance between loops n and
m of the litz shields.

The permeance matrices My 1 w2, Msh1-sh2, Mw1—sh1,
My 1-sh2, My2_sh1, and My,o_gn2 are used to calculate the
mutual inductances among the four parts

Mwl—w2
Mwl‘lfwll Mwl,171z,‘2,2 Mu;l,lfu,'Z,N
Myi2-w21 Mupt2—w2,2 -+ Myia—wo,n

= . : _ : (33)

M1, N—w2,1 M1, N—w2,2 -+ My1, N—w2,N
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MshlfshZ
Mpi1-sn21 Mgpi1-sn2,2 -+ Mgpi1—sh2,m
Mspi2-sn21 Mspi2-sn22 -+ Msp12-sh2, M
Mopyar—sn2,0 Msniar—sn2,2 =+ Msn1 M—sh2,M
(34

My, (i)-sn ()

My iy i-sniiy i Muwiyi-shi)2 = Muwi)a—shi),m

Mw(v’,),Zfsh,(j),l Mw(v’,),Qfsh,(j),Q Mw(v’,),2fsh(j),l\l

M“/'(i)‘Nfsh(j)J,[
(35)

Mw(i).,Nfsh(j),l Mw(i).,Nfsh(j),Z o

where M1, —y2,,m 1s the mutual inductance between loops
n of transmitter winding and loop m of receiver winding;
Mp1 n—sh2,m 1s the mutual inductance between loops 7 of trans-
mitter shield and loop m of receiver shield; and My, (;) 5 —sh(j),m
is the mutual inductance between loops n of the winding i and
loop m of the shield j, with i or j = 1 representing the transmitter
and i or j = 2 representing the receiver.

All the elements of the permeance matrices in (31)—(35) are
derived from one finite-element simulation with the lumped-
loop model in Fig. 7, by setting single turn for each loop. The
inductances of the circuit models in Fig. 3(a) are calculated from
the permeance matrices and turns vectors as

N N T
Lw(l) = Nw(i)Lw(l)Nw(z) (36)
- BN T
Liniy = Nsn(iyLsn) Nsni (37)
N N T
Mw17w2 :Nwle17w2Nw2 (38)
N - T
MshlfshQ = NsthshlfshZNshZ (39)
- N T
My (iy-sn(j) = Nuw(i)yMw(i)-sh (i) N sh(j) (40)

C. Stray Magnetic Field With Current-to-Field Matrices

The stray magnetic fields are calculated from the currents of
the windings and the shields, using the current-to-field matrices.
Similar concept has been described in [15] and [32]. According
to superposition, the magnetic field B; (t) at the point of mea-
surement in Fig. 8 is calculated from the summation of the fields
generated by each loop

N N
Bi (t) = Z awl,n,inl,niwl(t) + Z aw?,n,inQ,nin(t)

n=1 n=1
M
+ Z O‘shl,n,iNshl,n Tshl (t)
n=1
M
+ Z ash2,n,iNsh2,nishQ(t)

n=1

(41)
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where vy, (j),n,; and agp(5),,, are the current-to-field coeffi-
cients for loop n of winding j and shield j, respectively, with
j = 1 representing the transmitter and j = 2 representing the
receiver; i represents the orientations X, Y, or Z in Fig. 1(b);
Ny (jy,n and Ngp(j),, are the numbers of turns for the corre-
sponding loop, which are the elements of the turns vectors in
(27)~(30); and i, () (t) and i, (t) are the currents of winding
Jj and litz shield j, respectively.

The current-to-field matrices w14, Qw2,i, Qshi,i, and
Q2 i are composed of the current-to-field coefficients in (41)
(42)

Cw (j),i = [%(a‘)ﬁl’f Quy(j),2,i " Oéw(jw,i]

Osh(i)i = [ Qsh(j) i Csh(j)2.i **° Ysh(j),Mi ] - (43)

The current-to-field coefficients of one loop is derived by
setting 1 ampere-turn in this loop and setting 0 ampere-turn
to all the others. If there are N loops for the winding and M
loops for the shield in both transmitter and receiver, 2(N + M)
simulations are required to derive all the elements in the current-
to-field matrices. After the current-to-field matrices in (42) and
(43) are derived, the stray magnetic fields in X, Y, Z orientations
are calculated from (4 1) with turns vectors in (27)—(30), winding
currents in (25) and (26), and shielding currents in (15)—(18).

D. Coil-to-Coil Efficiency

According to (24), the coil-to-coil efficiency is determined
by rrx and rrx, which are calculated from r,1, 742, 7sh1, and
rsho in Fig. 3(a) using (7), (8), (13), and (14). The winding
resistance ry,; includes the dc resistance of transmitter winding,
the proximity-effect resistance of transmitter winding, and the
reflected proximity-effect resistance of the transmitter shield.
The shield resistances ;1 represents the dc resistances of the
transmitter shield. The definitions of 7,5 and 74,2 for the re-
ceiver are similar to 7,1 and r,j1. The skin-effect resistances
are negligible when the strand diameter is selected to be much
smaller than the skin depth. Litz wire with proper strand diam-
eter is utilized for the windings in all the cases studied in this
paper.

The dc resistances are calculated from the physical parame-
ters of the litz wire (e.g., the cross-sectional area and length).
The proximity-effect resistance can be calculated following the
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methods in [33]-[37]. The method in [34] is applied in this paper

P., = [(nl..Nd*)/(64p,)] ~<(dB(t) /dt)2> (44)

where P, ,, is the proximity-effect loss of turn n for either the
winding or the shield; [; ,, is the average length of the turn; N is
the number of strands; d. is the diameter of the strand; p, is the
resistivity of copper; B(f) is the time-varying flux density across
the turn; (x) is the spatial average over the turn’s cross section;
and z is the time average.

The proximity-effect loss of the transmitter is mainly caused
by the transmitter itself. The receiver contributes a negligible
portion of the proximity-effect loss on the transmitter. It is the
same for the receiver. This is because the proximity-effect loss
is caused by the magnetic field penetrating the turns, and the
majority of the magnetic field penetrating the turns of the trans-
mitter is generated by the transmitter itself.

The proximity-effect resistance r.; of the transmitter is cal-
culated from the total proximity-effect loss of the winding turns
and shielding turns

Niurns

ra= Y Pou/Il (45)
n=1

where 1,1 is the RMS value of winding current. The proximity-
effect resistance of the receiver .o is calculated similarly.

To analytically calculate the magnetic fields across the turns
in (44), the lumped-loop model is translated back to the original
coils with real turns according to the turns vectors. The magnetic
field across each turn is then analytically calculated using the
methods in [35].

IV. FAST OPTIMIZATION OF COILS WITH LITZ SHIELD

The coils’ efficiency is reduced after the shields are added.
The optimization of the efficiency and stray magnetic field is
herein realized with Pareto fronts for the coils with litz shield.
The fronts are plotted on a 2-D Cartesian coordinate system. The
horizontal axis and vertical axis represent the magnetic field and
coil-to-coil efficiency, respectively. The optimal designs of the
coils are selected along the fronts [12].

The straightforward method to derive Pareto fronts is by
sweeping the physical parameters in finite-element simulation.
The efficiency and stray magnetic field are then obtained for
each case from the simulation results. Taking the coils struc-
tures in Fig. 5(a) as an example, the circular winding is placed
above the ferrite plate and the litz shield is placed around the fer-
rite plate. The swept physical parameters include Rinner, Routers
the length of the square shield, the spacing between winding
and shield, and the distributions and types of the litz wires. The
parametric sweep takes thousands of simulations, which is very
time consuming especially for 3-D models. Therefore, the ef-
ficiency and magnetic field should be calculated for each case
instead of being simulated, in order to make the optimization
faster. This is realized with the lumped-loop model, following
the procedure in Fig. 9.
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1 Simulation

Permeance Matrices
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Current-to-Field Matrices

Equations (42), (43)
2(N + M) Simulations

Turns vectors to sweep

Equations (27) - (30)
I

Inductances in Figure 6(a) Resistances in Figure 6(a)

Equations (44), (45)

Equations (36) — (40)
v
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Resistances in Figure 6(b)

Equations (4) — (6), (10) — (12)
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v
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( Derive the Pareto front in Matlab )

Fig. 9. Procedures to derive the Pareto front of coil-to-coil efficiency versus
stray magnetic field from calculation with lumped-loop model.

In Fig. 9, one simulation is required to derive the permeance
matrices in (31)—(35), and tens of simulations are implemented
to obtain the current-to-field matrices in (42) and (43).

The procedure starts off by selecting the lumped-loop model
with some fixed parameters, such as the size of ferrite, the air
gap, and the frequency. The turns vectors in (27)—(30) are swept
to represent the physical parameters, such as the Rinners Routers
length, and the spacing between the winding and shield. The
domain of the represented Royer and Rinner can be selected to
avoid unnecessary cases that are obvious far away from optimal
solutions. For example, if Rouer 1S considerably smaller than
ferrite side, more turns of thinner wires are required to realize
the desired inductance, resulting in extremely low efficiency.
During the optimization procedure in this paper, the domain of
Router 18 selected to be (ferrite side/10) < Royer < (ferrite side/2),
and the domain of Rj,,; 18 selected to be 0 < Ripner < Routers
respectively.

For each set of turns vectors, the stray magnetic field and
coil-to-coil efficiency are calculated following the method in
Section III. The stray magnetic fields are derived from (41), with
the current-to-field matrices, the shields currents, the winding
currents, and the turns vectors. The shields currents i, (¢) and
ish2(t) are calculated from (15)—(18) with the inductances in
Fig. 3(a). The winding currents ,,1 () and 4,2 (¢) are calculated
from (25) and (26) with the inductances in Fig. 3(b). The in-
ductances in Fig. 3(a) are derived from the permeance matrices
in (36)—(40), and the inductances in Fig. 3(b) are derived from
(4)—(6) and (10)—(12).

The coil-to-coil efficiency is calculated from (24), with rx
and rgrx in Fig. 3(b). The equivalent resistances rtx and rgx
are calculated from (7), (8), (13), (14) with the resistances 7,1,
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Fig. 10.  Pareto fronts of coil-to-coil efficiency versus stray magnetic field for
coils with no shield, plate shield, ring shield, shorted litz shield, and driven litz
shield. Horizontal axis is the stray magnetic field at point (0, 100 mm, 0) in
Fig. 1(b), with 100-W power transferred across 40-mm gap.

Tw2s Tshi, and rgpo in Fig. 3(a). The resistances include dc
resistances and proximity-effect resistances. The dc resistance
is calculated from the physical parameters of the coils, and the
proximity-effect resistances are calculated from (44) and (45).

After the coil-to-coil efficiencies and stray magnetic fields
for all the turns vectors are calculated, the Pareto fronts are
derived in MATLAB and plotted on the Cartesian coordinate
system. Fig. 10 shows the Pareto fronts derived following the
procedure in Fig. 9, for the coils structures in Fig. 5(a) with
shorted litz shield and driven litz shield. The power of 100 W
is transferred across 40-mm gap, with 35-V output voltage and
100-kHz switching frequency. The square ferrite plate has the
dimensions of 100 mm x 100 mm x 5 mm with 3C96 material.
The magnetic field is optimized at the point (0, 100 mm, 0) in
Fig. 1. The origin is the center between transmitter and receiver.

The Pareto fronts for coils without shields, with plate shield,
and with ring shield are plotted in Fig. 10 for comparison. During
the optimization of the plate shield and ring shield, the size
and position of the plate, the width and position of the flat
ring were swept in finite-element simulation. The efficiency is
reduced with shields, but the stray magnetic field is significantly
attenuated. The shorted litz shield attenuates the field most when
the four shields are designed for the same efficiency. Compared
to the plate shield and ring shield, the skin effect in shorted
litz shield is negligible so the shield current is higher for the
same amount of losses. Higher current in the shields helps us
to attenuate the stray magnetic field more. The performance of
the shorted litz shield is better than that of the driven litz shield.
This is because the current of the driven litz shield is limited to
the supplied value, while the induced eddy current in shorted
litz shield is able to adjust according to the magnetic field.

V. EXPERIMENTAL VERIFICATION

The circles along the Pareto fronts in Fig. 10 represent the
optimal coils with different shields, and they have similar ef-
ficiency around 94.5%. The coils corresponding to the circles
were fabricated for experimental test, as shown in Fig. 11. The
litz wires used for all the structures in Fig. 11 are composed of
100 AWG #38 strands with 100-pm strand diameter. This strand
diameter is a reasonable choice for 100-kHz operation when the
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Fig. 11.  Fabricated coils for the selected structures marked as circles along
the Pareto fronts in Fig. 10 with (a) plate shield, (b) ring shield, (c) shorted
litz shield, and (d) driven litz shield. The coils are optimized to transfer 100-W
power across 40-mm gap.

TABLE I
MEASURMENT RESULTS FOR COILS IN FIG. 11

L L M rrx, VR at Coil
Parameters EX’H)RX ( T);I';X 100 kHz Efficiency

" " (mQ) %)

No Shield 36 8.7 106 95.7

Plate shield 40 8.8 125 94.7

Ring shield 49 11 175 94.7
Shorted litz

shield 45 9.8 160 94.4
Driven litz

shield 44 9.6 145 94.7

skin depth is 206 pm. Even though it cannot completely elimi-
nate the skin effect, it makes the skin-effect loss negligible. The
dc resistance is more dominating at 100 kHz than ac resistance
for the coils in Fig. 11. The ac resistance is less than 20% of the
total resistance.

The measurement results of the inductances and resistances
for the coils in Fig. 11 are listed in Table I. They were measured
in the presence of both transmitter and receiver coils with a
40-mm air gap. Impedance analyzer Agilent 4294 A was used
for the measurement. The switching frequency is 100 kHz for the
IPT circuit in the experiment and the ac resistances at 100 kHz
are given in Table I. When the resistance of one coil was mea-
sured, the other coil was open. The coil-to-coil efficiencies are
calculated from (24) with the mutual inductances and resis-
tances. The weight breakdown of the coils is listed in Table II.
The increase of weight for ring shield and litz shields is negli-
gible, while the plate shield almost doubles the total weight.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 5, MAY 2019

TABLE II
WEIGHT BREAKDOWN FOR TRANSMITTER COIL IN FIG. 11
(FERRITE WEIGHT = 240 g)

Parameters Winding Weight (g) Shield Weight(g)

No Shield 28 0

Plate shield 31 192

Ring shield 35 14
Shorted litz shield 36 19
Driven litz shield 32 4

Fig. 12. Hardware setup for field measurement of the coils in Fig. 11.

The hardware for field measurement is shown in Fig. 12. The
near-field probe Langer EMV LF-R 50 was used to measure
Bx (t), By (t), and By (t) at each point. Fig. 13 shows the mea-
sured waveforms of By (t) and By (t) at the point (0, 100 mm,
0) in Fig. 1, for the coils without shield and with the shields in
Fig. 11. The power of 100 W was transferred from the transmit-
ter to receiver across 40-mm gap. The field in the X-direction is
negligible due to the symmetry, so it is not plotted. The com-
parison in Fig. 13 proves that the shorted litz shield attenuates
the field more than other shields on both Y- and Z-directions.

The measurement results of the coil-to-coil efficiency in
Table I and the stray magnetic fields for the coils in Fig. 11 are
plotted as diamonds in Fig. 10. The magnetic fields were quan-
tified with (1). The diamonds match well with the circles which
are the calculation results. The errors are mostly caused by the
deviations of coils’ fabrication and probe’s position. Shorted litz
shield with 94.4% efficiency attenuates the stray field by 65%
compared to coils without shield whose efficiency is 95.7%.

Moreover, the optimal design of the shorted litz shield is
usually composed of only a few turns of shield, because too
many turns increase the shielding loss. The shield should not
be too close to the ferrite plate, to avoid inducing too much
eddy current on the shield which will reduce the efficiency
significantly.

Although the shields were optimized for the magnetic field
at the point (0, 100 mm, 0), the stray magnetic fields at other
positions are attenuated as well. Fig. 14 shows the quantified
results of the measured fields on the side of the coils along the
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Fig. 13.  Comparison of By (¢) and By (t) at point (0, 100 mm, 0) for coils
without and with shields. The stray magnetic fields were measured with 100-W
power transferred across 40-mm gap.
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Fig. 14. Quantified stray magnetic fields from measurement along Y-axis,
with the distance to the center ranging from 75 to 150 mm in Fig. 1(b).

Y-axis. The stray magnetic field is attenuated effectively with
shorted litz shield.

VI. CONCLUSION

Litz shield is used to attenuate the stray magnetic field around
the inductive-power-transfer coils in this paper. Compared to the
plate shield and ring shield, litz shield is able to attenuate the
magnetic field with smaller shielding loss, because the shield
current is more uniformly distributed. The increased weight due
to the litz shield is negligible. Litz shields are categorized as
shorted litz shield and driven litz shield. The circuit models
with four coupled inductors are derived for both categories,
from which the equivalent inductances, the equivalent resis-
tances, the windings’ currents, and the shields’ currents are all
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analyzed and obtained. Pareto fronts are used to optimize the
coil-to-coil efficiency and stray magnetic field. A fast method to
get the Pareto fronts using the lumped-loop model is described.
The efficiency and magnetic field are calculated with perme-
ance matrices, current-to-field matrices, and turns vectors of the
lumped-loop model. Only tens of simulations are needed in the
entire optimization procedure, which is much faster than the con-
ventional method that takes thousands of simulations. The coils
with different structures of shields were fabricated and measured
in experiment. Both calculation and measurement show that the
shorted litz shield is most effective for field attenuation. With all
the shields designed for the same efficiency, shorted litz shield
attenuated the stray magnetic field by up to 65% compared to
coils without metal shield, in an IPT system to transfer 100-W
power across 40-mm gap.
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