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Abstract— An  LCC-LCC compensated inductive power
transfer (IPT) system has been widely used for the mid- or
high-power applications. When dual active bridges (DABs)
are used, the famous triple phase shift (TPS) modulation
cannot maximize the coupler efficiency when considering the
zero-voltage switching (ZVS). A modified LCC compensation is
proposed by replacing the input inductor with a transformer.
It is able to maintain the benefits of original compensation
and dramatically extend the ZVS range, which effectively
addresses the conflict between tank efficiency and ZVS. To have
a low-profile design, a planar transformer is proposed to be
integrated with the coupler, and the winding turn number is
used for circuit parameter design. Finally, a 100-W prototype
system is implemented based on the modified compensation and
magnetic integration solution. In a wide loading and coupling
range, the achieved efficiency would be stable within [91.0%,
93.4%]. Compared with the original system, the efficiency
improvement at light load condition is 3.7%.

Index Terms— Inductive power transfer (IPT), LCC compen-
sation, magnetic integration, triple phase shift (TPS) modulation.

I. INTRODUCTION

HE inductive power transfer (IPT) is promising for the

noncontact charging of movable devices, such as con-
sumer electronics, moving robots, and electric vehicles [1],
[2], [3]. Through a basic coupler, the power is delivered from a
transmitter (TX) to a receiver (RX), and the transfer efficiency
is proportional to the coupling coefficient. To ensure sufficient
coupling, a practical IPT system needs to fully consider the
size constrains to customize or optimize the coupler [4]. When
pursuing high spatial freedom, the multicoil coupler is usually
needed with flux modulation capability [5], and such a design
logic shows a clear tradeoff design consideration between the
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system complexity and moving freedom [6], [7], [8]. In the
past few years, the diversity of the inductive coupler dramat-
ically reflects the potentials of the wireless charging systems.

A well-designed coupler itself is not able to ensure efficient
power transfer. The compensations are needed to offer an
acceptable interface for the frond-end inverter or down-stream
rectifier. In the early research, only two more capacitors
are added to form the basic compensations [9]. The objec-
tive is to eliminate the circulation energy and help the RX
get a maximized output [10]. An in-depth study of basic
compensations helps explore their load-independent output
capability. For example, the SS compensation would achieve
constant output voltage by sacrificing the zero phase operation
(ZPA) [11]. High-order compensation could be synthesized to
achieve several attractive features simultaneously, such as the
LCC-S compensation [12] and LCC-LCC compensation [13],
[14]. The LCC-LCC compensation is attractive due to its
constant output current, and this topology has been accepted
by the EV charging standard. When compensation inductors
are added, it is beneficial to integrate the additional inductors
with the planar coupler to have a low-profile design [15],
[16]. However, the exciting magnetic integration usually has
to analyze the complicated coupling and try to minimize the
negative effects.

Besides the magnetic integration, another challenging issue
is to develop the modulation approach for an LCC-LCC
compensated system. The dual active bridge (DAB) topology
is widely used due to its simplicity and ample modulation
options, such as pulse density modulation (PDM) [17], pulse
frequency modulation (PFM) [18], and phase shift modu-
lation (PSM) [19]. Among these options, PDM allows for
precise energy injection into the resonant tank by controlling
pulse density. However, it has associated drawbacks such as
interharmonics, ac current fluctuations, and increased output
ripples. PFM is advantageous for enhancing system output
power, but its sensitivity to resonant frequency can lead to
the loss of ZPA operation. In comparison to PDM and PFM,
PSM is frequently used in various power conversion scenarios.
In [20], the dual-phase shift (DPS) modulation is used to
regulate the output. However, this approach has limited control
variables, resulting in hard switching issues. Introducing triple
phase shift (TPS) modulation using the phase between the
TX and RX bridge converters allows for soft switching, but
it introduces a significant amount of reactive power during
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Fig. 1. Classical IPT system using DABs.

coupling and loading variations [21], [22], [23]. In addition,
frequency is included in [24] to form a four-degree-of-freedom
control strategy to achieve multiple objectives. However, this
control scheme becomes overly complex and sacrifices the
original benefits of a fixed frequency system, such as inde-
pendent resonance with coupling and load-independent output
current [14]. Therefore, it is advantageous to develop a com-
prehensive solution that takes into account the characteristics
of compensation, magnetic design, and modulation approaches
to create a simple and high-performance system.

This article would modify the original LCC compensation
and develop the magnetic integration solution for the new
system. The operation point of the proposed low-profile design
is closer to the global peak efficiency for the resonant tank
when considering the varied power demands and zero-voltage
switching (ZVS) requirements. When the TPS modulation
is used, the limitation of the original LCC compensation is
discussed, which shows the global peak efficiency cannot
been achieved due to the ZVS operation. The compensation is
modified by replacing the input inductor by a loosely coupled
transformer. The proposed transformer is easily integrated
with the planar coil for a low-profile design. An interleaving
winding solution is proposed for the transformer design, and
the turn number is freely tuned to meet the requirements of the
compensation. The modified LCC compensation would keep
all the merits of the original one and help fully explore the
benefits of the TPS modulation.

II. DAB-BASED IPT SYSTEM
A. Steady-State Characteristic

A symmetrical DAB-based IPT system is shown in Fig. 1.
The system includes a voltage source Vi,, an RX-side battery
(equivalent to a voltage source V,), and two full-bridge con-
verters. A pair of coils form the inductive coupler, i.e., L, and
L,,, and the mutual inductance is M. The famous LCC-LCC
compensation is applied to form the middle resonant tank [25].
L;, C;, and C,, are the TX-side compensation components,
and L,, C,, and C,, are added for the RX side. Given the
angular switching frequency w, the resonance condition is
ensured by

f 1
wlL, — =
wC,
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wlL;, =wlL,;
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Fig. 2. Typical waveform of a classical LCC-LCC system.

The classical system is a high-order resonant converter
based on DABs. Similar to the DAB PWM converters, there
are three phases serving as the control variables. As shown
in Fig. 2, the gate signal of TX bridge (S;—S4) is given,
which leads to a typical three-level voltage source v, for the
resonant tank. ; is the phase between S;—S3 leg and S,—S4 leg.
Similarly, the RX bridge would offer a voltage source v.4,
where 6, is the phase between Q|—Q3 leg and Q,—Q4 leg.
The phase difference between v,;, and v.s is ¢. The bridge
output currents i,, and i.; are defined in Fig. 1. i;, and i,
represent the coil currents.

In the frequency domain, v, is represented by its phasor
form V,p, whose amplitude is V,;,. All the other state variables
would follow the same symbol format. When the phase of Vyy
is used as the reference (i.e., Vap = V,,20), it has

T,
s 4 01

Vi = sin wt - vy (t)dt = — Vi, cos —. 2)

0 T 2

For both the TX and RX sides, two state equations are given
as

Vau = ja)LtIab +

Ly, — 1
ijz( b t)

1 1
—J MIx: j er N Irx_ N Ic _Irx' 3
ot~ (1 Py

At the resonance condition, I and I.q are solved as

1 4 1 0 T
L= ——Va=——Vigcos o /L——
jwL; T wl, 2 2
I M v Zn 4 M v 91171 @
cd = a — = ——— Vi COS —L—.
4T WLL, "2 oL, 272

It is clear that Iy and I.4 are clamped by V,,. Due to the
symmetry, similar clamping also exists for Vg, Iix, and L.
When V), serves as the reference, the phase of V4 is ¢, and
it has

0

4 )
Ve = —V,cos =2 — ¢. 5)
T 2
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TABLE I
PARAMETERS OF AN EXAMPLE SYSTEM

Symbol Value Symbol Value Symbol Value
Liz&Lyry 175 pH  71i2&7rn 0.40 Q Cta&Cry 19 nF
L& L, 42uH re&ery 0.08 Q Ci&Cy 60 nF
Vin&Vo 80 V fo 100 kHz k 0.32
0.96 ~ M o.96
170 z 170 .
150 o E 150 { \ z:: E
@130 ()13 > S
110 ::: 1o " > z:z%
& 90 <7 N o2
180 0.86 = 180 0.86 F“
120 120 60 7y 120 180 0.84
92( ) 0o 91(°) 620 0o 01(°)
(a) (b)

Fig. 3. Output power and tank efficiency under different 61, 6, and ¢. (a) P,.
(b) Nac-

Similar to (2)—(4), I.x and I}, are solved as

4 1 ) b4
Irx= Z(———(ﬂ)
T wL, 2 2
. 4 M v 921(71 ) ©)
w = — hcos —/L(= —¢).
b oL, L, 2\ ¢

B. Conflict Between ZVS and Tank Efficiency

Assume the coil equivalent series resistors (ESRs) of L,,,
L,y, L;, and L, are r;y, 1y, 1y, and r,, respectively. The loss
of the coupler Py is

Pcoil = I xFrx +Irxrrx

8 Vi )2 6 v, \? 6
= m[(L—?) r,xcoszz1 + (L_r) rrxcoszgz:|. @)

The loss of the compensation inductor is

2 2
Peomp = Lpre + I yr,

8 [(mv, 00 (MVi\® L6
0s’= + ,cos —
720? L L, 2 L.L, 2

®)

The output power is

8 M

Fo =Yl = 0L,

01 02 b
VinV, cOs — cos — cos(go — —).
2 2 2
)

For better illustration, an example system is given in Table 1.
According to (9), Fig. 3(a) shows the influence of the phase
on the output power. The forward power transfer (i.e., P, > 0)
would request ¢ € [0, ]. It is clear that ¢ = (7/2) would
maximize the output power for any given Vj,, V,, 0, and 6,.

Given the loss and output power, the efficiency of the
resonant tank is

P,
Pcoil+Pcomp+Po

_ ccos(<p — %) (10)

Z‘“z +bco 2 +ccos(<p %)
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(a)
Fig. 4. Tank efficiency for a target output power. (a) Three-dimensional view.
(b) Two-dimensional view.

where the intermediate parameters a, b, and ¢ are
8 [ (Va) (MY
—(22) r
m20? | \ L, L L,
RN FAAY (MY
= — Frx r
720? | \ L, LL )"
8 M

c= ——ViV,.
n2wL, L, "°

Y

By taking the derivative with respect to cos(¢ — (7/2)), it has

0Mac

It means n,. is proportional to cos(¢p — (;/2)), and ¢ =
(/2) would lead to a maximum efficiency. This conclusion is
justified in Fig. 3(b) when the parameters of Table I are used.

In a classical DAB-based PWM converter, TPS modulation
is attractive for power regulation and efficiency enhancement.
A common challenge is to fully explore the control freedoms
of the active bridges (i.e., 0, 6>, and ¢) without losing ZVS
operation. This logic is still valid when the DAB is applied
to a high-order resonant converter. For a target output power
(i.e., 100 W), (9) would offer an equality constrain for the
control variables (i.e., 61, 65, and ¢). According to (10), the
efficiency map is shown in Fig. 4(a), which could be viewed
as a curved surface of Fig. 3(b) by adding the power constrain.
It still shows ¢ = (;r/2) helps maximize the efficiency.

Unlike ¢, the influence of 6; and 6, is not straightfor-
ward in (10). A new term is defined in (10), ie., 8 =
cos(01/2)/cos(6,/2). By taking the derivative of n,. with
respect to B, i.e., (0n,./9B) = 0, it gives

0
_cos \/ (VoL )rye + (MV,)1r, -

S cos 2\ (VL) + (MVin)r,

It means 0; and 6, are closely coupled when the efficiency
is maximized. For a symmetrical system, 6; = 6,. To explain
this effect, a 2-D Fig. 4(b) is plotted based on Fig. 4(a), i.e., the
projection of Fig. 4(a) on the bottom 6,—6, plane. A straight
solid line is actually defined by (13). The curve boundary
means ¢ = (7w/2). When both the black lines meet at point
A, a global maximum efficiency is achieved for the resonant
tank.

The above conclusion shows the efficiency maximization
needs to ensure ¢ = (;r/2) and (13). However, 8, and 6, can-
not be freely tuned in a practical system when considering the
requirements of active bridges. In [24], the ZVS operation for
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G

Fig. 5. Modified LCC compensation. (a) Original circuit model. (b) Equiv-
alent circuit model when n, = n, = 1.

the LCC compensated system has been in-depth studied, and
it requests the system to meet the constrain below

> max 9] 92 +7T
¢= 2 2) "2

This inequality constrain actually defines a dot area in
Fig. 4(b). Considering the limited ZVS region, the maximum
efficiency point is B for a practical system. At this point, (13)
is still fulfilled but ¢ # (;r/2). From the overall perspective,
it means the elimination of the turn-on switching loss needs
to sacrifice the conduction losses of the resonant tank. There
naturally exists a conflict between the ZVS and tank efficiency.
Since the efficiency, power, and ZVS requirements are all
affected by the three phases, this article needs to minimize
the conflict of the above objectives under TPS modulation.

(14)

III. MODIFIED LCC COMPENSATION
A. Circuit Model and Characteristics

To avoid the conflict of the classical LCC compensation,
a modified compensation is proposed in Fig. 5(a). At the TX
side, the input inductor L, of Fig. 1 is replaced by a loosely
coupled transformer, i.e., the gray part, where L,,, L,, and
n, represent the magnetic inductance, leakage inductance, and
the turn ratio of the TX transformer, respectively. The RX
compensation is modified in the same way. Similar technique
has been introduced for the CPT system to boost the excitation
voltage [26]. The major difference in this article is the function
of the transformer, which is able to extend the ZVS range
under TPS modulation. Besides, such a modification will
not increase the number of magnetic components, because
the additional transformer would adopt planar structure and
then can be integrated with the coil. The magnetic design
and integration will be discussed in Section IV, and here
would focus on the steady-state characteristics of the modified
system.

In Fig. 5(a), a nonunity turn ratio could adjust the voltage
gain from the dc terminals to tank terminals. Besides, when
the dc terminal voltage is different, the turn ratio could be
designed to ensure the original tank has the same ac terminal
voltage, i.e., the blue part. In a symmetrical IPT system,
n, = n, = 1 would benefit the analysis and simplify the tank

g i

tot1ts t3 by ts te

Fig. 6. Typical waveform of a modified system.

model as shown in Fig. 5(b). From the circuit perspective, two
more shunt inductors (L,,, and L, ) are added to the bridge
ac ports. It is well-known that a shunt inductor is able to use
the circulation energy for ZVS operation. Due to the parallel
connection of the additional inductor, such a modification
will not affect the steady-state characteristics of the original
resonant tank. It means the state variables within the blue
dot block could still be analyzed like Section II. The shunt
inductor only affects the bridge output current.

The typical waveforms of the modified system are shown
in Fig. 6. The energy is stored in the shunt inductor when V,
is high. The stored energy would help discharge the transistor
junction capacitors during the turn-on transition. For the TX
side, L,, is charged by a constant voltage from #, to 73.
Therefore, the peak current of L,,, is easily derived as

I _(n_el) Vin
P A L

5)

It is clear that I, determines the current during the turn-on
transition. A large I, would benefit the ZVS operation.

In Fig. 6, the waveform of v,;, and i, actually reflects the
ZVS operation of the TX bridge. At 73 and #s instance, both
S1 and §; are turned on and ZVS can be ensured. Note that
both S, and Sy are turned off right before the turn on of S; and
S3. There is no ZVS lost issue for S;—S3 leg. However, at #, and
t, instance, an uncertain i,; would cause ZVS lost for S,—
S4 leg. Taking instance #, as an example, a negative i, is
necessary for S4, which means

lap(12) = i1(t2) + ime(12) < 0. (16)
At 1y, i,y (1) equals —1Ip, and i,(f;) should be calculated based
on its time-domain equation. Since i, of the modified compen-
sation is exactly the same as i, of the original compensation,
(6) would be used to derive i,(¢t) as below

. 4 0, . bid
i(t) = — V,cos — sm(a)t + = — go). (17

T wL:L, 2 2
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Since wt, = (6/2), taking (15) and (17) into (16), it would
give
L;L,Vin(w — 61)

L < - . (18)
A sin(% +Z — ¢)cos 2
Similarly, for the RX side, it also has
L.L.V,(m —86
L (r = &) (19)

< .

2ViaMsin(% +Z — ) cos &
The above two inequality constrains actually define the nec-
essary condition for the ZVS operation. When M varied in

practice, the shunt inductance design should consider the
maximum coupling as the worst case.

B. Efficiency Enhancement

Although the modified compensation is helpful to extend
the ZVS range, the additional shunt inductor would also cause
additional conduction losses. Assume the ESR of L,,; and L,,,
is 1y, and ry,,, the additional conduction loss caused by r,,, is
(under fundamental approximation)

2Ts Vin 91

2 T
— I (1) coswtdt = —— cos8
- /O o 0) 0 0t = 3 7% cos

2T, Vi \° 0,
2 in 2
Pmt = Imrrm, = (n_;L_mt) Vit COS 3
The loss caused by 7y, is
2Ts Vin : 291
P =\— FirCOS™ —.
mr ( 7_[2 L'nr mr 2

The overall loss of the resonant tank becomes

It

(20)

21

Pl/oss = Feoit + Pcomp + P+ Py (22)

where Peoii and Peoyp are given in (7) and (8). The efficiency

of the new tank is derived as
P,
Pl/oss + PO
ccos(p — %)
_ LA 23)
/COSQTI /COS 972 / T
a—é,z—i—b@—i-c cos(p — 5)

cos 5

1
nac -

where

C8 (Ve (MY ? (L ?

a=——||—)r Ty —Val r
2?2 |\ L, )] " L,L, 2wl "t
8 v, \? MV,\? 1 2

r_ 4 o

o () e () ]+ (i) o

8 _M 24
7?2 wL,L, 24
This uniform efficiency expression is helpful to compare the
performance of the original system and the modified one.
Based on Table I, the influence of L,,; (=L, ) is dis-
cussed in Fig. 7. The original system means an infinite L,,,.
By decreasing L,,, the ZVS region (enclosed by the dot
curve) would gradually increase, which means the operation
point would be closer to Point A. The modified system
actually enhances the tank efficiency by slightly increasing

/

¢ =c= Vin V.

180 ’ { 096

0.94

10.92

02(°)

0.88

Tank efficiency

0.86

0.84

01 (9
Fig. 7. Two-dimensional efficiency map of the modified system.
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=
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, = Original LCC(TPS) -+ Original LCC(TPS)
— Original LCC(DPS)  =+*- Original LCC(DPS)
0.8
20 40 60 80 100
P, (W)
Fig. 8. Tank efficiency comparison for different P, (full load: 100 W) and

different coupling coefficients k.

the conduction loss of shunt inductance. Note that the ESR
of the magnetic inductance is usually very limited. To justify
the efficiency improvement, two systems are compared in
simulation. For the new system, all the circuit parameters
still follow Table I. The shunt inductance and its ESR are
Ly, =Ly =70 uH and rp = 1y = 0.12 Q. In Fig. 8, the
application of DPS modulation in the original LCC system
negatively impacts the light load efficiency due to limited
control freedoms. However, with the implementation of TPS,
the efficiency undergoes a significant improvement. More-
over, using modified LCC compensation, the tank efficiency
experiences further enhancement when combined with TPS
modulation. This demonstrates that the new system maintains
high efficiency across a broad load range, particularly in light
load conditions. Importantly, these conclusions remain valid
even when there are variations in coupling.

IV. MAGNETIC INTEGRATION
A. Magnetic Structure and Model

The modified system needs two magnetic components for
the TX compensation, i.e., L,,; and L, in Fig. 5(a). These two
components would be offered by a single planar TX trans-
former. The proposed coupler with integrated compensation
transformer is shown in Fig. 9(a). This configuration aids in
containing the flux within the coupling area, thereby reducing
leakage. Each side consists of four layers: a coil layer, two
magnetic layers, and a transformer winding layer. Each side
of Fig. 9(a) actually consists of two functional parts. Inside
the blue block, it is a typical coupler. The transformer is built
by magnetic within the black box. The transformer and coil
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Fig. 9. Magnetic integration. (a) Whole structure. (b) Transformer structure.
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Fig. 10. Transformer model. (a) Magnetic model. (b) Circuit model.

would use the middle magnetic layer, with the coil-induced
flux primarily flowing through the shared layer toward the
edges. This separation effectively decouples the coil from the
transformer. Consequently, the coil design would still adhere
to the conventional approach.

The structure of the TX transformer is zoomed in Fig. 9(b).
The objective is to design the transformer size parameters
to meet the circuit requirement, i.e., L;, n,, and L,,,. Based
on the analysis in Section III, the modified compensation
method eliminates the need for an ideal transformer. Instead,
a loosely coupled transformer is required to provide the
necessary inductances, L,, n,, and L,,. As a result, the
proposed transformer adopts an interleaved winding structure,
as illustrated in Fig. 9(b). The red winding is connected to C;,
while the blue winding is connected to the inverter. In the red
winding, the majority of the turns are wound around Leg 2,
denoted as N,;. The remaining portion of the winding is
interleaved and wound around Leg 1, with a turn count of N,;.
In contrast, all the windings of the blue winding are wound
around Leg 1, with a turn count of N;. Both Leg 1 and Leg
2 have fixed air gaps. The turn counts (N, N1, and Nyp) serve
as the design variables in this configuration.

Fig. 10(a) shows the equivalent magnetic circuit model
of Fig. 9(b). Rgi, Ry, and R,z represent the reluctance
of the flux paths, which are determined by the mag-
netic structure. The magnetic flux of each branch could be
solved by

$1Ry1 + 3Rz = N1y — Not o
—P3R3 + P2Rep = Noolo

o1+ ¢ —¢3 =0. (25)

40 mm

21mm
-
Bridge 40 mm

converter

Resonant
= tank

200)’1 7 &&
3 N
mi

Fig. 11. Maxwell simulation setup.

When the magnetic components are modeled as two coupled
inductors, the self inductance and mutual inductance are
determined by the flux as

N
L — 191
I L=0
L No1gp1 — Ny
2:—
I L=0
N
My, = LN (26)
I L=0

Taking the solution of (25) into the above definition, the
proposed symmetrical structure (Ry3 << Ry = Rg2) has L) =
N12/Rg1, L2 = (NZZI + N222)Rg1, and M12 = —N1N21/Rg1.

According to the equivalent circuit theory, the coupled
inductor model can be transformed into a transformer model,
as illustrated in Fig. 10(b). Finally, it has

Ly = Li=N{/Rq
L =Ly—M?*/Ly = N3, /Ry

n; = L1/Mj> = Ni/Ny. 27)

It demonstrates that the turn count plays a crucial role in
establishing the necessary circuit parameters.

B. Simulation-Based Transformer Design

In the magnetic model, the calculated turn number needs to
be a post validation through a simulation tool, like Maxwell.
The TX transformer structure is shown in Fig. 11 (removing
the cover plate), which is like a planar E core. This figure
shows the layout and size information. The bottom layer is a
square plate (200-mm length) and its thickness is 5 mm. The
height of Leg 1-Leg 3 is 4, 4, and 5 mm respectively.

This article demonstrates a symmetrical IPT system, which
means L, = L,, L, = Ly, and n, = n,. According to
(4), the output current Iq is clamped by the input voltage
Vapb, and the conversion ratio is inversely proportional to L,
and L,. It means L; and L, actually determine the output
current for a given M. Since n, = n,, this turn ratio will not
affect the overall conversion gain, and a unity turn ratio is used
for convenience. The major design constrain is L,,. Based
on the above design consideration, a Maxwell simulation is
used to extract the transformer circuit parameters for different
N 1 and N22.

Fig. 12 shows the influence of Ny and Ny, on L, and L.
It is clear that L, is mainly determined by N, and L, is
mainly determined by N;. These results are consistent with the
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Fig. 13. Experiment. (a) Test platform. (b) Transformer side (removing the
covering plate). (c) Coil side. (d) TPS modulation with ZCD circuits.

model-based analysis in (27). According to (18), the up limit of
L, is affected by L, (=L,). Therefore, when sweeping N, and
Ny, each L, would define a up limit for L,, by the orange
curve of Fig. 12(b). Finally, the transformer is designed at the
star point, where Ny = Np; = 4 and N,; = 3. The magnetic
model enables quantitative prediction of the simulation results.
Once the magnetic component is designed, field simulations
can be used to analyze winding and core losses. This analysis
allows for the derivation of the corresponding ESR for loss
analysis.

The original compensation method requires two separate
input inductors, whereas the modified method integrates them
into the existing planar coupler. This planar structure offers
advantages for the charging of moving robots. By manipulating
three circuit parameters (L,;, L;, and n,), it is possible to
design the voltage gain, the ZVS region, and the voltage and
current ratings of the resonant components. It is worth noting
that this modification is applicable to other IPT and capacitive
power transfer systems as well.

V. EXPERIMENT VERIFICATION

The final experiment setup is shown in Fig. 13(a). A sym-
metrical IPT system is built with DABs. A dc power supply is
used to drive the whole system, and the bidirectional dc source
is used to mimic the battery. The compensation inductors are
integrated with the coupler as shown in Fig. 13(b) and (c).
The detailed size parameters of the magnetic structure are
given in Fig. 11, which is built by standard magnetic sheets.
The magnetic core material is TDK PC40. At 100 kHz,

TABLE I
REAL-SYSTEM PARAMETERS

Symbol Value Symbol Value Symbol Value
fo 100 kHZ Ly 438 uH L, 41.5 pH
Vin, Vo 80V Cy 57.8 nF Chr 61.0 nF
Distance 100 mm L 174.5 pH Ly 175.2 uH
k [0.24 0.32] Cix 19.4 nF Crz 19.0 nF
Power 100 W Ttz 0.41 Q Tra 042 Q
Switch GS61004B Lot 71.3 pH Ly 71.5 uH
Magnetic PC 40 Tmt 0.12 Q Tmr 0.12 Q
6, = 132.3°
=80V h | 0, =130.99
}JI 50V |
SR {hia B
[ I
D (50V /div) b 1eq(50V /div)
Fig. 14.  AC terminal voltage of the original system without considering

ZVS requirements.

the equivalent circuit parameters of the magnetic compo-
nents are measured by the impedance analyzer, and then
the compensation capacitance is designed according to (1).
All the real parameters are shown in Table II. The coupling
coefficient between the coil and the transformer is 0.005. In the
TPS modulation, the RX-side controller needs to adjust the
phase difference between the TX and the RX. The famous
zero-current detection (ZCD) would be used. As shown in
Fig. 13(d), the inverter output voltage (v,p) is controlled by the
TX driving signal, and this voltage would clamp the rectifier
output current (i.4). The ZCD circuit would detect the crossing
zero point and give it for RX to drive the RX bridge. When the
TPS modulation of the original system does not consider the
ZNVS demands, it would keep ¢ at 90° and adjust 6; (=6,) to
meet power demand. The waveform is shown in Fig. 14, where
the switching voltage ringing is significant and the power level
is limited to avoid breaking the transistor.

Fig. 15(a)—(c) shows the steady-state waveforms of the
modified system under different loading conditions. All the
phase information is given. The waveform of the original
system is shown in Fig. 15(d)—(f). For all the six figures,
it would have 6; =~ 6,, which justified the derivation of (13).
Under the same load condition, it is clear that ¢ is much closer
to the ideal value (7r/2) for the modified system, which means
¢ < (61/2) 4+ (7/2). For the original system, it almost has
¢ = (01/2)+ (7 /2). It means existence of L,,; and L,,, would
help enlarge the ZVS region under TPS modulation. In this
article, the design of L, and L,, does not mean the ZVS
region needs to fully enclose Point A in Fig. 7. On one side,
the inductance is determined by the turn number and cannot be
continuously tuned. On the other side, a heavy load condition
would use the resonant tank current for ZVS operation, and the
addition of shunt inductance would not benefit this situation.
Actually, L,,, and L,, offer a design freedom to modify the
efficiency curve shape.
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Fig. 16. Efficiency and loss comparison. (a) Measured dc efficiency

comparison with various P, and k. (b) Loss breakdown of full-load condition.

Fig. 16 shows comparison of the efficiency of the modified
system and the original one under TPS modulation. Although
the measured dc efficiency is lower than the calculated ac
efficiency of Fig. 8 due to the losses of bridges, the basic dc
characteristics are almost the same as the ac ones. When k =
0.32, it shows the efficiency of the modified system is higher
than 92.0% for a wide load range. The efficiency improve-
ment (1.9%) is more obvious at light load condition. When
misalignment happens (k = 0.24), the efficiency improvement
(about 3.7%) at light load becomes more significant. At the
full-load condition, the efficiency of the modified system is
slightly improved. To explain this result, it needs to review
the conflict of ZVS operation and tank efficiency. For any
system, a heavier load usually means a higher tank current,
which actually benefits ZVS. Therefore, at full-load condition,
the conflict between ZVS operation and tank efficiency is not
significant for the original system. As shown in Fig. 15(f),
the value of ¢ actually reflects this conflict. Compared with
the light load, ¢ of the full-load condition is much closer to
/2. The modified system would have a higher conduction
loss due to the additional shunt inductance. A detailed loss
breakdown is compared in Fig. 16(b). As a result, the modified
compensation would have a better efficiency for a wide load,
especially for the light load.

VI. CONCLUSION
This article develops a modified LCC compensation and a
magnetic integration solution for IPT. It discusses the basic
operation of the system using original LCC compensation
and shows the limitation of TPS modulation for efficiency

maximization when meeting the ZVS demands. By replacing
the compensation inductor by a loosely coupled transformer,
the additional shunt magnetic inductor would benefit the ZVS
operation and the leakage inductance would act as the original
compensation inductor. Such a modification will not affect the
operation of the resonant tank. Besides, the transformer is able
to be integrated with the coupler to form a compact and low-
profile design. Through winding interleaving, the magnetic
model is used to design the transformer parameters. The final
system has a peak efficiency of 93.4% and would maintain the
efficiency above 91.0% for a wide load and coupling condition.
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