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Systematic Design of Coils in Series—Series Inductive
Power Transfer for Power Transferability
and Efficiency

Ming Lu

Abstract—The quality factor of coils should be high enough
to deliver power efficiently during inductive power transfer. To
achieve a higher quality factor, coils are designed either with a
larger size and thicker wire or with a special structure, making the
coils bulky and complicating the fabrication. This paper presents
a systematic method to design the coils in series—series inductive
power transfer with the smallest possible value of quality factor
to realize the requirements of power transferability and efficiency.
The electrical parameters of the coils are normalized, decoupled in
equations, and designed sequentially. It is found that the smallest
value of the quality factor for required efficiency is achieved using
an optimal normalized impedance. The physical parameters of the
coils are selected sequentially to realize the electrical parameters.
This paper presents two operating conditions of series—series in-
ductive power transfer, and example sets of coils with a 100-mm air
gap are designed for these operating conditions using the same pro-
cedure. The coils were fabricated and tested in a 3.3-kW converter.
The measured output voltage (200—400 V for 400 V input) and the
coils’ efficiency (98.9% at peak power) met the specifications. All
switches turned on with zero voltage.

Index Terms—Coil design, inductive power transfer (IPT), nor-
malized parameters.

1. INTRODUCTION

OOSELY coupled coils are applied in inductive power
L transfer (IPT) systems to replace the cables and plugs
in conventional charging methods for electric vehicles (EVs)
[1]-[4]. Power is transferred through a distance up to tens of
centimeters using magnetic resonance and near-field coupling.
The advantages of IPT include convenience for drivers, safety
when charging in a humid environment, and potential of dy-
namic charging when vehicles are moving [5], [6].

Compensation for the reactive power needs to be added
on both sides of the transmitter and receiver because of the
large leakage inductance caused by the air gap. Different
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Fig. 1. (a) Circuit topology with series—series compensation of coils for IPT.
(b) Output voltage of inverter vi,_,. with phase shift.

compensation topologies have been proposed to improve power
transferability and efficiency [7]-[11]. Fig. 1(a) shows a cir-
cuit topology with series—series compensation. The switching
frequency and inverter output voltage can be tuned for differ-
ent conditions to realize the desired power transfer [12]-[15].
Coils are crucial to the performance of series—series IPT sys-
tems [16]-[20]. The requirements of power transferability and
efficiency are satisfied by using the proper design for the coils.

Complex iterations are always required for coils design in
IPT [21], [22] because the electrical parameters of coils (e.g.,
self-inductance, mutual inductance, and winding resistance) and
converters (e.g., resonant and switching frequencies, load con-
ditions) are coupled together. Sallan et al. [23] demonstrate an
iterative process to optimize the coils’ power transferability and
efficiency using a design factor. Another method by sweeping
parameters is proposed in [13] to minimize transmitter current
for high efficiency. One way to avoid iterations is to pre-evaluate
the coils’ performance using the figure of merit (FOM). Waffen-
schmidt and Staring [24] describe kxQ as the FOM for IPT coils
because it determines the maximum efficiency that the coils can
potentially achieve when the system operates at resonant fre-
quency under optimal load conditions, where k is the coupling
coefficient and Q is the quality factor of the coil. The coils in
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[25] and [26] are selected to maximize this FOM. However,
in some cases the IPT system does not operate at the resonant
frequency, or the load is not optimal for efficiency. It is not in-
tuitive to use kxQ to predict whether the efficiency meets the
requirement under specific conditions.

Coils with high Q are preferred in order to meet efficiency
requirement. A high Q can be achieved by using coils that
either have a larger size and thicker wire, or have a special
structure such as that in [27], but these may increase the size
and weight of the coils or complicate the fabrication process.
In order to minimize the size and ease the fabrication of the
coils, the smallest value of Q needed to meet the efficiency
requirement should be derived, based on which the coils are
designed and fabricated.

The objective of this paper is to systematically design the coils
for series—series IPT systems in a sequence to meet given specifi-
cations. The requirements of power transferability and efficiency
are met using the smallest possible value of Q. Two possible op-
erating conditions of series—series IPTs are discussed: when
the compensation capacitor resonates with self-inductance, and
when the capacitor resonates with the leakage inductance. When
the capacitor resonates with the leakage inductance, there is
more circulating energy and its efficiency is lower. Hence, this
paper focuses on this case, as it is the most conservative case
when designing the coils. However, the design procedure pre-
sented here is good for both cases, and it includes two steps:
electrical design and physical realization.

The electrical parameters are normalized and then designed
sequentially. The normalized parameters include normalized
impedance Zy, coil quality factor Q, normalized switching fre-
quency fn, coupling coefficient &, and turns ratio n. The power
transferability is determined by n. The optimal value for Zy
is selected to meet the efficiency requirement with the smallest
possible value of Q. Because all the electrical parameters are
normalized, the equations and plots are generalized, and they
are applicable for different specifications.

The physical realization of coils is implemented after the
electrical design. Planar coils with spiral winding and ferrite
plate are usually used for IPTs due to their low profile [28],
[29]. Finite-element simulation is used to derive the plots of
the electrical parameters (e.g., the coupling coefficient and self-
inductance) versus the physical parameters (e.g., inner radii and
outer radii of winding). Then the turns number needed to realize
optimal Z and wire size to satisfy Q are calculated and selected
from these plots.

The following section analyzes the IPT with a simplified
circuit model and introduces design equations with normalized
parameters. Section III presents the procedure to sequentially
design electrical parameters for efficient power transfer with
the smallest possible Q. Section IV demonstrates the physical
realization of coils in a sequence using generalized plots derived
from finite-element simulation. In Section V, the coils for a
3.3-kW IPT system with dimensions of 250 mm x 250 mm and
an air gap of 100 mm were built for experimental verification.
A loss factor of 1.1% was achieved, and it is close to the desired
value for 1%. Section VI concludes this paper. The Appendix
provides the details of the procedure used to design coils for
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Fig. 2. Equivalent circuit model of the circuit topology in Fig. 1(a).
the condition when compensation capacitor resonates with self-
inductance.

II. DESIGN EQUATIONS FOR CONVERTER AND COILS

Fig. 1(a) shows the circuit topology with series—series com-
pensation of coils for IPT. Resonant frequency fy of C; and Ly
is the same as that of Cy and Lo

1/\/ L1C1 = 1/\/ LZCQ :27Tf() (1)

where L; and L are self-inductances of transmitter and receiver
coils.

The switching frequency and phase-shift between the legs
are two commonly used methods to regulate output [12]-[15].
Changing the switching frequency moves the operating point
of the system and minimizes the effect when the coupling or
load condition changes. The phase-shift controls the inverter
output voltage as shown in Fig. 1(b), and it directly regulates
the bulk power transferred to the load. Both methods can be
used in coordination to control the power transfer and maintain
the efficiency.

The simplified circuit model in Fig. 2 is used for analysis.
Under the first harmonic approximation, the input dc voltage
source and inverter are modeled as sinusoidal voltage source
Vin_ac, w (t) with peak amplitude (4/7)Vi,, switching angular
frequency wy = 27 f,, and pulse-width «. The passive recti-
fier and load are modeled with equivalent resistor Ry ,.. The
expressions of Uiy _ac. o (t) and Ry, are

Vin_ac,w (t) = (4/ 7T) Vin sin (a/ 2) . elwst )
Ruae = (8/7%) - (Vous/ Iout) 3)

where Vi,, Vout, and I, are the input voltage, output voltage,
and output current in Fig. 1(a); and « is the pulse-width of
inverter output voltage in Fig. 1(b).

Voltage gain My in Fig. 2 is defined as the ratio of V¢ _ac.w
over Viy ac,w asin (4). When phase-shift is not used, My equals
the ratio of V,; over Vj,

MV = |Vvout,ac,w/vvin,ac,w| = ‘/out/ [Vvin sin (Oé/ 2)] (4)

The loss factor A, of the coils is determined in (5) as the
ratio of the coils’ loss P, over the transferred power P, in
Fig. 2. The loss factor should be kept small in order to achieve
high efficiency.

)\coil = Pcoil/ Pout- (5)

When MOSFETS are used in the inverter, high current stress
and turn-on loss are caused by reverse-recovery of the body
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diode of the opposite switch if zero-voltage turn-on is lost. The
inductive impedance in Fig. 2 for soft-turn-ons of the switches,
Zinw = Rzinw + J X 7inw, s equivalent to positive ¢zi,. The
phase angle of Z;,, ., equals

zin = arctan (Xzin o/ Rzin,w) - (6)

Equations (7) and (8) are derived from Fig. 2 to analyze the
behavior of the circuit

Vin,ac,w - [7"1 +] : (wsLl - ]-/wscl)] Il _.7 'wsM : -[2 (7)
O:j'wsM'Il - [’r? +RLac
+j - (wsLo — 1/ w;Cs)| I (8)

where L, and Lo are the self-inductances; M is the mutual in-
ductance; 71 and 79 are the equivalent series resistances (ESR)
of the transmitter and receiver coils at the switching frequency;
(1 and CY are resonant capacitors; Ry ,. is the equivalent load
resistance as in(3); and I; and I, are the currents of the trans-
mitter and receiver coils, respectively.

The expressions of My, Acoi1, and pziy, in (4)—(6) are derived
from (7) and (8) [4], [14]

My =
|j : wsM . RLac|
(wSM)2+ ry - (’/‘2 + RLac>_ (w,;Ll — ﬁ) (UJSLQ— w5102)
+j : |:T1 (wsLQ - ﬁ) + (7“2 + RLac) (wsLl - Wslcl )i|
)
A_:r2+r1(wHMﬁ+MM—U%@f
coil Riae Rpac (Ws M)Z
(10)

pzin = arctan

=) [ - )
—(w,M)? (w0, Ly — =)

2
1 |:(7“2 + RLac)2 + (WSLQ - wﬁl@) :|
+(WSM)2 (T2 + RLac)

(1)

There are eight unknown parameters in (9)—(11), which are
listed in Table 1. They are calculated to meet the requirements
of power transferability and efficiency. This results in compli-
cated iterations. The parameters in Table I are normalized in
Table II in order to simplify the design procedure. The num-
ber of unknowns used for calculation is reduced from eight to
SiX.

Coupling coefficient & is used to define the coupling condi-
tion of coils in (12). Self-inductances L; and L, and mutual
inductance M are derived from finite-element simulation, or by
using the analytical equations presented in [30]—[34].

k:M/\/Lng.

12)
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TABLE I
UNKNOWN PARAMETERS FOR DESIGN OF IPT COILS

Parameters Symbols
Self-inductance of coil 1 Ly
Self-inductance of coil 2 Lo
Mutual inductance M
ESR of coil 1 at switching frequency it
ESR of coil 2 at switching frequency ro
Load resistance Rpac
Resonant angular frequency wo = 27 fo

Switching angular frequency ws = 27 fs

TABLE II
NORMALIZED PARAMETERS FOR DESIGN OF COILS

Parameters Symbols
Coupling coefficient k
Normalized switching frequency v =Ffs/fo
Normalized impedance of transmitter coil to load Zn1 =wsLi/Rpac
Quality factor of transmitter coil Q1 =wsLi/rm
Normalized impedance of receiver coil to load Zno =wsLa/Rpac
Quality factor of receiver coil Qo =wsLo/ry

Using the normalized parameters in Table II, (9)—(11) are
represented as (13)—(15):

ZN
My = N2 k
Zn1 0vi 70 )2 2
{k2-2m+2?22_ (1—ﬁ) ZN2:|
2
Hr B+ 82) (- )]
(13)
N Al:ZNQ_"_ AP (1 +1>2+ AP (1_1>2
o Q  K-Q1\Zn2 @ k% -y 2
(14)
¢ <1 1)
©Yzin = arctan — —
Z flg\
1 2 1 1)
68 ()] e
(15)

To simplify the design, (13) and (15) are replaced with (16)
and (17), with the assumption that Zy; < @1 and Zyo <
(2. In most cases this assumption is reasonable because the
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Fig. 3. (a) Cylindrical two-dimensional model of an exemplary coil to analyze influence of proximity resistance. The turns number increases from N = 7 to N
= 25, while the inner radii and outer radii of the winding are kept the same. The litz wire consists of 1650 strands of AWG 44 wires. (b) Percentage of proximity
resistance and dc resistance to the total resistance of winding for different values of turns number N at 100 kHz. (c) Normalized impedance Zy is proportional to

N? and quality factor Q is proportional to N.

coils’ ESR should be small for high efficiency.

e -4 7 - )
(16)
Pk”2%2+@ﬁﬁgzh}

1
PZzZin = arctan( — %> 2 Zna

a7

When the geometries of the transmitter and receiver coils are
the same, L; and L are proportional to N 2 where N is the turns
number of the litz wire, so Zx 1 and Zy o are proportional to N?
as well. The relationship between ()1, (2, and N is more com-
plicated because both dc loss and the proximity effect contribute
to the value of Q. The dc resistance is proportional to N because
it is related to the length of the coil. The proximity effect is
proportional to N* because it is proportional to the square of
the magnetic field as well as the length of the coil [35]-[37].
However, the proximity effect is weak in the frequency range
where IPT works for EV charging. In addition, the coil size
for EV applications is large, so usually a limited number of
turns are needed, which further weakens the proximity effect.
Fig. 3(b) shows the percentages of proximity resistance and dc
resistance to the winding resistance versus N for the planar coil
shown in Fig. 3(a) at 100 kHz. The proximity effect is not sig-
nificant. Fig. 3(c) shows that Zy is proportional to N? and Q is
roughly proportional to N. Therefore, the relationship between
Q1, Q2, Zn1,and Zyy is

Q2/ Q1 = 2Zn2/ZN1 =n

where 7 is the turn ratio of receiver coil over transmitter coil

(18)

n=Ny/Ni. (19)

To simplify the design process, Zy1 and Zy, are represented
with Zy as
Zn1 = Zn (20)

ZNQ :TL2~ZN. (21)

Similarly, ()1 and @), are represented with Q as
Q1=Q (22)
Q2 =n-Q. (23)

The equations of My, A.oi1, and pz;, in (14), (16), and (17)
are simplified using Zy, Q, and n in (20)—(23) as

k

MV:n- 3
\/[k2_(1_1/f]2v)2} 2+ (1=1/ f2)
(24)
 Zy | Zy 1 1\’
“oil—"?*m'(mw)
,  Zy 1Yy’
w2 (- %) 2

¢zin = arctan

-1/ )1 -knt 2+ (1 -1/ 1) 0t 23]
kQ'TLZ'ZN ’

(26)

The six unknowns in Table II are now further reduced to
five: coupling coefficient k, normalized switching frequency
fn, normalized impedance Zy, coil quality factor Q, and turns
ratio n. The feasibility of sequentially designing these values is
demonstrated in next session.

III. SEQUENTIAL DESIGN OF ELECTRICAL PARAMETERS

Normalized parameters k, f, Zy, @, and n are designed
for power transferability and efficiency. Fig. 4 shows My in
(24), @zin in (26), and A.q; in (25) versus fy and Zy .

The coils are designed for operating conditions when the
compensation capacitor resonates with the leakage inductance.
Normalized switching frequency fy equals fyy in this op-
erating condition. The value of fyy is derived from (38)
in [38] as

ﬁﬂzl/V1—h 27)

When the switching frequency is no lower than fyy, the
highest output voltage is achieved at fy = fxg. Either using
phase-shift or setting fy > fym can realize smaller output
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voltages. The benefits of operating at fxp include easier con-
trollability of output voltage [38], [39] and avoidance of bifurca-
tion when the load conditions change [8], [13], [23]. The major
disadvantages to operate at fy = fyy include that fxy is de-
pendent on values of &, and A..; is larger compared to fy = 1,
which is shown in Fig. 4(c) and discussed in [40].

The voltage gain My in (24), the phase i, of input
impedance in (26), and loss factor A, in (25) are calculated
with fN = fNH as

Yzin = arctan [1/ (k: -n?- ZN)} (29)

Zy , Zn 2y ( 1 1>2

heoil = My - — + My - — + +—=.
VT TV TR Q\My -2y T Q

(30)

Equation (28) demonstrates that power transferability is re-
alized by simply choosing the appropriate turns ratio n for the
coils. Equation (29) shows that ¢z;, is always positive when
fn = fxu for different load conditions.

Ideally, Q should be as high as possible to reduce the loss
factor in (30) for high efficiency. This is not practical in many
cases because either a special structure of coils or customized
thicker wire should be applied to increase Q. It is important
to calculate the smallest value of Q that satisfies the efficiency
requirement. The loss factor A.,j is determined by Zy and
Q. For each Q, the smallest A, is achieved when the partial
derivative of (30) to Zy equals to zero

Dot /0Zy = 0 . 31)

The solution of (31), which is represented as Zyop¢, 18

derived as
ZNopt :1/<kMV '\/MV +M‘%)

The smallest value of Q needed to meet efficiency require-
ments is the case when Zy = Znop¢. In (32), Zxopy is indepen-
dent of Q and is determined only by k and My, . This means Zy
and Q can be optimized sequentially. Fig. 5(a) shows Zx ¢ ver-
sus My and k. Because My is selected from the specifications,
ZNopt 18 determined only by k.

The smallest value of Q for the required X.,i, which is rep-
resented as Q) znopt, is calculated from (30) with k, My, and
Zn = ZNopt- As an example, Q znopt for Acon = 1% is plotted

(32)

(a) My in (24), (b) ¢ ziy in (26), and (¢) Ao in (25) versus fy and Zy whenn = 1, k = 0.25, and Q = 1000.
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Fig. 5. (a) Znopt in (32) and (b) Q zNopt for Acoil = 1% versus My and k

when fx = fxu.

in Fig. 5(b) versus k and M. Obtaining a value of Aoy < 1%
is realized with ) > @Qznop¢. Fig. 5(b) shows that the value of
Q zNopt should be larger than 1200 to realize the efficiency re-
quirement when k is lower than 0.2. The size of the coils should
be optimized to increase k and to achieve the required A .; with
a practical value of Q. The physical realization of the coils is
discussed in detail in Section IV.

Up to now, the normalized parameters 71, Zxopt, and @ zxopt
have been derived to meet the requirement of power transfer-
ability and efficiency when fy = fypu for different values of
k. The derived equations and plots in this section are valid for
different converter specifications. Table III summarizes the se-
quential design of electrical parameters. The Appendix provides
the detailed procedure used to design the coils when fy = 1.
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TABLE III
SEQUENTIAL DESIGN OF ELECTRICAL PARAMETERS

Parameters Method
n (28)
Zn = Zxopt (32)
QzNopt for Acoil (30)

TABLE IV
SPECIFICATIONS OF IPT COILS FOR DESIGN

Parameters Method
Vin in Fig. 1 400 V
Vout in Fig. 1 200400 V
Iyt in Fig. 1 8.25A
fs 100 kHz
Acoil at peak power < 1%
Air Gap 100 mm

Ferrite Thickness = 5 mm errite Thickness = 5 mm

Gap = 100 mm Winding Gap =100 mm Winding

Ferrite Plate Ferrite Plate

Fem're Widu, F@I'Iite Wi i
h

(a) (b)

Fig. 6.  (a) Structure of planar coils with spiral winding. (b) Simplified coils
with single-lumped-turn winding for finite-element simulation.

IV. PHYSICAL REALIZATION OF ELECTRICAL PARAMETERS

Analytical or numerical approaches are usually used for the
physical realization of electrical parameters. Analytical equa-
tions have been proposed to calculate the inductances of planar
coils with air core [30] and infinite-sized ferrite plates [31]-[34].
There is no simple analytical model when it comes to finite-sized
ferrite plates. The numerical method is more suitable in this case.

The physical parameters of the coils, such as the inner radii
Rinner and outer radii Ryy¢e; of the winding, the number of
turns N, and the wire size, are optimized in ANSYS Maxwell
[41] to achieve Zny = Znopt and @ > Qznopt in Fig. 5. The
procedure is demonstrated for the circuit topology in Fig. 1(a)
with the specifications in Table IV. The peak value of the output
power is 3.3 kW, and the input voltage is 400 V. The output
voltage increases from 200 to 400 V, while the output current is
to be constant at 8.25 A. The switching frequency is 100 kHz at
peak power. Loss factor of the coils A is designed to be less
than 1% at peak power.

The ground clearance for EVs is usually larger than 140 mm.
The set of coils specified in Table IV is a scaled-down version
of the coils that would be used in a real application. The air gap
between the transmitter and receiver coils is limited to 100 mm,
and the size of the coils is reduced. The scaled-down coils herein
are used to verify the design method. The design procedure is
the same when the gap between the coils is increased for real
applications.

A typical set of planar coils is shown in Fig. 6(a). A circular
spiral winding is placed above a square ferrite plate. The circular

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 4, APRIL 2018

winding is chosen because of its easy fabrication, and the square
ferrite plate is chosen for its easy accessibility with commercial
products. This design procedure can also be used for coils with
different shapes, as those in [22], [42], and [43]. A single layer
of winding is usually used in practice for IPT to control the
thickness of the planar coils and the parasitic capacitance.

The physical realization of the coils includes two steps. The
first step is sweeping the physical parameters Ry pe; and Royger
in finite-element simulation and plotting the electrical param-
eters k and L versus Rinner and Ryyier. The second step is to
sequentially select Ripyer, Router, turns number N, and the wire
size from the plots to realize the desired electrical parameters
for Zy = ZNopt and Q > QZNopt~

A. Parametric Sweep of Physical Parameters

The gap between the coils is 100 mm in this example, as
determined by the specifications in Table IV. A 5 mm thick
ferrite plate is made of commercialized N95 plates, and the
space between the ferrite and winding is set as 1.25 mm. The
spiral winding with litz wire shown in Fig. 6(a) is lumped to
one flat turn in finite-element simulation with the same Rj,ycr
and R,yuier, as depicted in Fig. 6(b). The simulation time is
greatly reduced with this simplification, and the accuracy of the
simulated inductances and magnetic field using the simplified
model in Fig. 6(b) is sufficient for the physical design of the
coils [42].

With a 100 mm gap between the coils, R,yter and Rjyper are
parametrically swept in finite-element simulation. The ferrite
width equals twice R,uter in order to achieve the highest k
and Q within limited dimensions [20]. The simulated results
of coupling coefficient k and one-turn self-inductance Lq of
the simplified model in Fig. 6(b) are plotted in Fig. 7, versus
different values of Ryuter and Rinner-

Coupling coefficient k is the same for the coils in Fig. 6(a)
and (b). Self-inductance L for coils with N turns of winding in
Fig. 6(a) is derived from the self-inductance L of the simplified
model with one turn in Fig. 6(b), as

L=N?L,. (33)

Normalized impedance of the coils in Fig. 6(a) is calculated
from the simplified coils in Fig. 6(b) as

Zy = (wsN*Ly) / Rpac- (34)

B. Sequential Calculation to Select Physical Parameters

Physical parameters, including inner radii Rj,per, Outer radii
Router, turns number N, and the size of the litz wire, are
selected sequentially in this part to realize Zy = Znopy and
Q > QZ Nopt-

Equation (32) shows Zx,p is determined by My, and k. The
specifications in Table IV define My = 1, assuming phase shift
is not used for peak power. The values of k for different values
of Router and Ry, are plotted in Fig. 7(a). Next the values of
Znopt for different Ry ey and Ripnyer are calculated from (32)
with My = 1 and k in Fig. 7(a) and they are plotted in Fig. 8(a).

The turns number N needed to realize Zy = Zx,p¢ is calcu-
lated from (34) and plotted in Fig. 8(b). The values of Zn,p¢
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represent Royter = 125, 250, and 300, respectively.
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and L for different values of R,cr and Rjyyer are plotted in
Fig. 8(a) and Fig. 7(b), respectively. Switching frequency f; is
100 kHz, and Ry .. is 39 Q) at peak power calculated from (3)
with Vi, =400V and V,,;; = 400 V. There are some variations
between Zy calculated from (34) and Zy ;¢ because N should
be an integer, but the variation is small S0 Zx ~ Zxop.

The smallest value of Q needed to satisfy .oy < 1%, which
is represented as Q znopt, is derived from (30) with My =1,k
inFig. 7(a),and Zy = Znopt in Fig. 8(a). The results of Q zxopt
are plotted for different values of Royter and Ripnper in Fig. 9(a).
This figure shows that the value of Q) znop¢ is smaller for larger
coil sizes due to their larger value of k.

Self-inductance L is derived from (33) with Ly in Fig. 7(b)
and N in Fig. 8(b). Mutual inductance M is derived from (12)
with k in Fig. 7(a) and L. Inductances are used to calculate or
simulate winding currents 7; and 7 from Fig. 2. After that,
i1 and iy are imported as stranded excitations to the coils in
Fig. 6(b) in finite-element simulation. Winding loss Py inding
is calculated based on the method proposed in [36]. Core loss
Pe.ore 1s derived directly from the simulation. The ESR of the
coils are determined using

r= (Pwinding + Pcol'e)/IQ- (35)

The numbers and diameters of strands for the litz wire are
swept to guarantee that the value of Q is larger than the value
of QzNopt in Fig. 9(a). The diameters of strand are chosen for
negligible skin effect at 100 kHz, so strands AWG 40, 42, 44, 46,
48 are taken into consideration. The strands with AWG larger
than 48 are not considered because of the cost. The numbers of
strands to be swept are selected according to the commercial-
ized products from the manufactures’ datasheet. Sullivan [35]
describes how to further minimize the winding resistance with
the optimal strand number.

Fig. 9(b)—(d) plots the quality factors for litz wires with 660,
1050, 1650, and 2625 strands of AWG 44. The quality factors
are calculated from the definition of Q in Table II, with L in (33),
fs = 100 kHz, and r in (35). The values of Q using these litz
wires are compared with Qzxopt, for Acon = 1%, with Royger
being 125, 200, and 300 mm, respectively. The missing circles
for some values of Ry, in Fig. 9(b)—(d) mean that the wire is
too thick for the number of turns to realize Zy = Zyopi.-

The values of Ryyter and Riyner, and the numbers and strands
of litz wire that satisty () > Qznopt¢ in Fig. 9(b)—(d) are the
candidates that meet the requirements for My = 1 and A.o; <
1% when fy = fxu. The corresponding turns number N is
found in Fig. 8(b).

C. Procedure for Physical Realization of Electrical
Parameters

Table V summarizes the design procedure and results of the
example. Voltage gain My is 1 and switching frequency f;
is 100 kHz at peak power according to the specifications in
Table IV. The equivalent load resistance Ry ,. at peak power
equals to 39 €, calculated from (3) with Vi, =400V and V,; =
400 V.
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Fig. 9. (a) QzNops calculated from Acop = 1% in (30) with Zn = Zxopt

in Fig. 8(a) and k in Fig. 7(a). Q values with different litz wires (660, 1050, 1650,
2625 strands of AWG #44 wire) and turns number N in Fig. 8(b) for Ryter of
(b) 125, (b) 200 and (b) 300. Candidates for Riy,er and Royter are to select

when Q > QzNopt-

Outer radii Ryyter, inner radii Rj,,er, and the number of
strands in the litz wire are selected to guarantee ) > @ zNopt
according to Fig. 9(b)—(d). The corresponding k is known from
Fig. 7(a). Optimal normalized impedance Zx,, is calculated
from (32) with kand My = 1. Turns number N for Zy = Znopt
is calculated using (34) with the value of Zx,p in Fig. 8(a) and
the value of L in Fig. 7(b).
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TABLE V
PROCEDURE OF PHYSICAL REALIZATION AND DESIGN RESULTS (fy = fxu)

Parameters Design Methods Values
Router Q > QzNopt inFig. 9 (Q = 1043) 125 mm
Rinner Q > QzNopt inFig. 9 62.5 mm
Strands number Q > QzNopt inFig. 9 1650
k Fig. 7(a) at Rinner = 625 mmand Royter = 125mm 0.247
ZNopt (32) withk = 0.247and My =1 2.8

N (34) with Zx ¢ = 2.8 and L in Fig. 7(b) 20
Aeoil B0)with Zy = 2.8, Q = 1043, k = 0.247, My =1 1%

TABLE VI
PARAMETERS OF EXAMPLE COIL DESIGN IN TABLE V

Parameters Values
Ly, Ly 175 uH, 175 uH
M 43 nH
Jo 88 kHz
Cy, Cy 19.2 nF, 19.2 nF

71 at 100 kHz, ro at 100 kHz 104 m€2, 104 mQ)

The designed values of the example coils are listed in
Table V. Loss factor A.o;1 = 1% when fy = fyu, with My =
1, k =0.247, Zn = 2.8, and Q = 1043. Inductances and ESR,
resonant frequency, and the resonant capacitances for the de-
signed coils in Table V are listed in Table VI.

The designed coils are simulated with the circuit topology
in Fig. 1(a), with Vi, =400 V and I,,; = 8.2 A. The output
voltage varies from 400 to 200 V. Fig. 10 shows the simula-
tion waveforms when V,,; =400V and V,,; =200V using
the parameters in Table VI. The switching frequency is 100 kHz
when V,,; =400V and is 107 kHz when V,; = 200V. The
procedure for the physical realization of coils designed for
fn = 1lis described in the Appendix.

Sometimes the aluminum plates are placed under the lower
ferrite and above the higher ferrite in order to shield other ele-
ments of the system [22], [44]. The aluminum plates introduce
extra shielding losses that will decrease the efficiency, so they
should be optimized together with the windings and ferrite plates
when added to the coils [45], [46]. This is not discussed in this

paper.

V. EXPERIMENTAL VERIFICATION
A. Coils

Following the procedure in Table V, coils with 62 mm R;,er,
125 mm Rgyter» and 20 turns of 1650/44 litz wire were selected
and built as shown in Fig. 11. The 250 mm x 250 mm ferrite
plate was composed of four pieces of 150 mm x 100 mm x
5 mm of EPCOS NO5 ferrite. The gap between the coils was set
as 100 mm. The measured parameters are listed in Table VII.
All the values in Table VII were measured in the presence of
both transmitter and receiver coils, as shown in Fig. 11(c), with
a 100-mm air gap.

Fig. 12 shows the full-bridge inverter, rectifier, and bank of
resonant capacitors to test the coils. The inverter was built with
STY139N65MS5 from STMicroelectronics. Fast recovery epi-
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I, (A)
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Fig. 10. Simulation waveforms of inverter output voltage v, i, and cur-
rent i, rectifier input voltage vout_ac and current ip for circuit topology in
Fig. 1: (a) peak power with Vi, =400 V, Vot = 400 V, I, = 8.2 A, and
fs =100 kHz; (b) half power with Vi, =400 V,V,,, =200 V, Iy, =
8.2 A, and fs = 107 kHz. Parameters of the converter and coils are listed
in Table VI.

250 mm

250 mm

NO5 Ferrite |

(a)

Fig. 11.  Fabricated coils that were designed for 3.3 kW at fy = fxpg asin
Table VI following the procedure in Table III and Table V with (a) four pieces
of 150 mm x 100 mm x 5 mm of EPCOS NOS5 ferrite plates, (b) winding with
1650/44 litz wire, and (c) 100 mm air gap.

TABLE VII
SIMULATED AND MEASURED PARAMETERS OF COILS DESIGNED FOR
fN = fnu INTABLE VI

Parameters Simulated values Measured values
Ly, Lo 175 pH, 175 nH 166 1H, 163 pH
M 43 uH 39 uH

k 0.247 0.25

r1 at 100kHz ro at 100kHz 104 mS2, 104 mQ 110 m2, 108 mQ2
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(©

Fig. 12. (a) Full bridge inverter, (b) rectifier with diode bridges, and (c)
resonant capacitor bank with 19.8 nF and 1.4 kV voltage rating to test the coils
in Fig. 11.
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Fig. 13.  Waveforms of inverter and rectifier for circuit topology in Fig. 1 when

Vin =400 V,Vouy =400 V, I,y; =82 A, and f, = 100kHz.

taxial diodes DSEI120-06A from IXYS were used for the recti-
fier. The resonant capacitance is 19.8 nF for C and Cj.

B. Experimental Results

Fig. 13 shows the measured waveforms of inverter output
voltage vi,_,. and current 7;, as well as rectifier input voltage
Vout_ac and current ¢5 at peak power. Voltage gain My is 1 when
Vin =400V and V,,;; = 400 V. Voltages vi,,_ac and voyt_ac Were
measured with the Tektronix THDP0200 voltage differential
probes; current ¢; was measured with the PEM CWTO015 Ro-
gowski coil; and current i3 was measured with the Tektronix
A6302 current probe and Tektronix TMS503B current probe
amplifier. On the transmitter side, 7; lags vi, .. because the
switching frequency is designed to be higher than the resonance
frequency. Zero-voltage turn-on is realized for all the devices
under all the load conditions, as illustrated in (29) and Fig. 4(b).
The trade-off is the higher turn-off loss of the inverter devices
and higher conduction loss due to circulating energy.

Switching frequency f, was changed for different output volt-
ages in the experiment without phase shift for the inverter output
voltage. Fig. 14 shows f; and A.o; in experiment for different
load conditions. The loss factor of the coils at peak power is
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Fig. 14. Switching frequency and measured coils’ efficiency with Iyt =
8.2 A, Vout = 200 to 400 V, and the specifications in Table IV. The switching
frequency was changed from 107 to 100 kHz for different voltage gains and
constant output current.

1.1%. In Fig. 14, the coils’ efficiency increases proportionately
with the output voltage because the switching frequency is be-
coming closer to resonant frequency. Figs. 13 and 14 verify that
the desired power transferability and loss factor, as well as zero-
voltage turn-on of the inverter devices, are satisfied using the
design method. The end-to-end efficiency of the circuit in Fig.
1(a) is 95.9% at peak power with the fabricated coils.

VI. CONCLUSION

In this paper, the coil parameters were designed sequen-
tially to satisfy the requirements of power transferability and
efficiency for series—series IPT system. The parameters were
normalized as coupling coefficient k, normalized switching fre-
quency fx, normalized impedance Zy, coil quality factor Q,
and turns ratio n. The power transferability is determined by n
when the geometries are the same for the transmitter and re-
ceiver coils. The efficiency requirement is satisfied by choosing
ZN = Znopt and making Q) > @Qznopt, Where Zxopt is the
optimal value of Zx, and Q) znop+ is the Q value for the desired
loss factor A.yi) when Zy = Zyxp,¢. The physical realization for
the designed electrical parameters was optimized by parametric
sweep in finite-element simulation. The inner radii and outer
radii of the winding, Rj,,e; and Royuger, as well as the size of
litz wire, were selected for ) > Q) zxopt. Number of turns N is
chosen for Zy = Zxopt-

Following this procedure, a set of coils was designed for
the operating condition when the compensation capacitor res-
onates with leakage inductance. In order to meet the efficiency
specification when transferring 3.3-kW power across a 100-mm
gap, the coils dimensions should be no smaller than 250 mm x
250 mm. Litz wire with strands of AWG 44 is selected for
negligible skin effect, and either 1650 or 2625 strands should
be chosen to guarantee high values of coil quality factor. The
coils were built and tested in a series—series IPT system rated
at 3.3 kW. Coils efficiency reached 98.9% at 100 kHz for peak
power. The operating frequency should range between 100—
107 kHz to realize requirements of power transferability. Soft-
turn-ons were achieved for switches. Misalignment can be done
for future research.
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TABLE VIII
SEQUENTIAL DESIGN OF ELECTRICAL PARAMETERS FOR fy = 1

Parameters Method
n (40)
ZN = ZNopt (41)
QzNopt for Aeoil 37

APPENDIX

When the switching frequency is equal to the resonant fre-
quency, the compensation capacitor resonates with the self-
inductance of the coils, and fy = 1. The procedure of coil
design for fy = 1 is the same as fy = fyxp but with different
equations.

A. Sequential Design of Electrical Parameters for fx = 1

When fy =1, My, ;eoil, and pziy in (24)—(26) are simpli-
fied as

MV:I/(]{?~ZN~H)

ZN ZN 1 1\?
Aeoil = 1 - N 4 .
coll " Q k2 Q (n-ZN Q) (37)

(38)

(36)

@zin = 0.

The optimal Zy when the efficiency requirement is satisfied
with smallest value of Q is derived by solving the equation when
the derivative of (37) to Z is equal to zero. The expression is

Zyopi =1/ (k-n?).

Voltage gain My when Zy = Znoyp 18 derived by combining
(36) and (39) as

(39)

My = v/n.

Then Zxp¢ is represented with k and My by combining (39)
and (40) as

(40)

Zvops =1/ (k- 213).

Equation (41) shows Zx,,, is independent of Q. This means
Zn and Q can be optimized sequentially. The smallest value
of Q when Zy = Znopt, Which is represented as Qznopt, 1S
calculated from (37) for required A.i1. Fig. 15 shows Zx,,¢ and
Q zNops versus My and k. Table VIII summarizes the sequential
design of electrical parameters for fy = 1.

(41)

B. Physical Realization of Electrical Parameters for fy = 1

The physical parameters, including inner radii [;;,ye,, OUter
radii Ryyier, turns number N, and the size of litz wire, are
selected sequentially to realize Zn = Znopt and Q@ > QzNopt
when fy = 1.

The values of Zy,,¢ for different values of oy er and Riyper
are calculated from (41), with My = 1 and k in Fig. 7(a), as
plotted in Fig. 16(a). The turns number N torealize Zny = Znopt
is calculated from (34) and plotted in Fig. 16(b).

The values of Qznopt for Aol = 1% is derived from (37)
with Zn = Znopt. The results of () znopt are plotted for differ-
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Fig. 17. When fy =1, (a) QzNopt is calculated from Acoi1 = 1% in(37)
with Zy = Znopt inFig. 16(a) and kin Fig. 7(a). The values of Q with different
litz wires (660, 1050, 1650, 2625 strands of AWG #44 wire) and the number of
turns N in Fig. 16(b) for R e, of (b) 125, (b) 200, and (b) 300. The candidates
of Rinner and Royter to selectis when Q@ > Qnopt-

ent values of Ryyter and Riype, in Fig. 17(a). The coil qual-
ity factors with four litz wires, 660, 1050, 1650, and 2625
strands of AWG #44 wires, are compared with Qznopt in
Fig. 17(b)—(d), with R, te; to be 125, 200, and 300. The values
of Router, Rinner, and the wire size that produce Q > Qznopt
in Fig. 17(b)—(d) are the candidates that satisfy the requirements
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TABLE IX
PROCEDURE OF PHYSICAL REALIZATION AND DESIGN RESULTS FOR fy = 1

Parameters Design methods Values
Router Q > QzNopt inFig. 17 (Q = 861) 125 mm
Rinner Q > QzNopt inFig. 17 62.5 mm
Strands number Q > QzNopt inFig. 17 1650
k Fig. 7(a) at Rinner = 62.5mmand Ry yer = 125mm 0.247
ZNopt (41) withk = 0.247 and My =1 4.0

N (34) with Zx ¢ = 4.0 and L in Fig. 7(b) 23
Aeoil BN withZy = 4.0, Q =861, k =0.247, My =1 1%

TABLE X

PARAMETERS OF EXAMPLE COIL DESIGN IN TABLE IX

Parameters Values

Ly, Ly 249 uH, 249 nH
M 62 nH

Jo 100 kHz
Cy, Cy 10.2 nF, 10.2 nF

rq at 100 kHz, ro at 100 kHz 182 mf2, 182 m2

\2

in-ac

\2

out-ac

V)

in-ac

V)

out-ac

Fig. 18.  Simulation waveforms of inverter output voltage v, i, and current
i1, rectifier input voltage v,y _ac and current ¢» for circuit topology in Fig. 1
when fy = 1: (a) peak power with Vi, = 400V, V,p = 400V, Iyt = 8.2A,
and f; = 100kHz; (b) half power with Vi, =400V, V,,t =200V, Iyt =
8.2 A, and f; = 100 kHz. The parameters of converter and coils are listed in
Table X.
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of power transferability and efficiency. The corresponding turns
number N is found in Fig. 16(b).

Table IX summarizes the procedure of physical realiza-
tion when fy = 1. The corresponding inductances and ESR,
resonant frequency, and resonant capacitance are listed in
Table X.

The designed coils are simulated with the circuit topology
shown in Fig. 1(a), with Vi, =400V and I,,; = 8.2 A. The
output voltage varies for different load conditions by phase-
shifting the inverter voltage. Fig. 18 shows simulation wave-
forms with coils designed for fy = 1 at peak power when the
output voltage is 400 V, and at half power when the output volt-
age is 200 V. The switching frequency is fixed at 100 kHz for
different load conditions.
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