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A Wireless Power Transfer System with Inverse
Coupled Current Doubler Rectifier for High
Output Current Applications

Lixin Shi
Regina Ramos

Abstract—In this paper, a series-series wireless power
transfer (WPT) system combined with an inverse coupled
current doubler rectifier (ICCDR) is proposed, as a very
appropriate WPT topology for high current applications.
The ICCDR uses an autotransformer to reduce the losses
on the rectifier stage, which is suitable for high current
low voltage output applications. Furthermore, a compre-
hensive comparison between the proposed WPT system
with ICCDR and the traditional WPT system with full bridge
rectifier is presented. In the proposed WPT system, the
primary parameter configuration and circuit behavior keep
the same, while the secondary side altered, contributing to
a volume reduction on the resonant capacitor. The system
overall efficiency and power density are improved signif-
icantly. Accordingly, a 10kW 400V/48V WPT prototype for
battery charging is constructed and tested to validate this
proposal. The output voltage is in the range between 38
Vdc and 55 Vdc, and the rated output current is 200A. The
overall efficiency of the proposed system reaches 94%, im-
proving 2% efficiency with 220W energy saving with respect
to the traditional diode-rectifier system, when 9.5kW output
power is delivered. Theoretical analysis and experimental
results have verified that the proposed system shows great
advantages in high power WPT applications.

Index Terms—DC-DC power converter, wireless power
transfer (WPT), inverse coupled current doubler rectifier,
high output current.

[. INTRODUCTION

ECENTLY, wireless power transfer (WPT) has been

widely used in various application fields [1] — [7] such
as biomedical implants, portable mobile devices, mart cordless
kitchen appliances, and electric vehicle (EV) charging, where
the power levels of the system range from a few milliwatts up
to several kilowatts.

The overall efficiency of WPT systems is one of the most
critical performance, especially for high-power applications
[7]. The main sources of losses in a high power WPT system
are coming from the inverter stage, the resonant coil link,
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Fig. 1. Proposed solution for high current WPT converters.
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and the rectifier stage. Many papers have been published to
maximize the efficiency and reduce the losses. In [8] — [11],
different inverter topologies have been studied to improve
the efficiency. In [8], a current-fed parallel resonant push-
pull inverter is proposed for WPT to reduce the conduction
losses on the switches. Various combinations of compensation
topologies (series or parallel) have been investigated in [12]
— [15] to improve coil link efficiency. High-order resonant
circuits such as LCC are also investigated particularly for
dynamic charging of electric vehicles [16], [17]. In [18], a
method that controls the phase shift of active rectifiers to
modify the load impedance is proposed to improve the system
overall efficiency.

Battery charging applications typically require relatively
low voltages and high output currents, which leads to large
conduction losses on the rectifier stage. The energy lost on
the rectifier passes though the inverter and coil link causing
additional losses on these two stages. Therefore, decreasing
the losses on the rectifier can not only improve the efficiency
of the rectifier but also can reduce the losses on the inverter
and coil link. Designing an efficient rectifier is gaining more
attractive.

It is well known that current doubler rectifier (CDR) is
very suitable for low voltage and high current applications.
Because the secondary current is half of the output current,
making it possible to reduce conduction losses in high current
applications [19] — [24]. This type of rectifier was mainly used
in push-pull stages and full-bridge or half-bridge converters
[23]. However, it cannot be directly used to a series-series
(S-S) WPT system, because the S-S WPT system is injecting
a resonant ac current into the rectifier, being necessary that
the rectifier presents a voltage source behavior in the ac
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Fig. 2. Main waveforms comparison of traditional CDR and the ICCDR.
(a) Traditional CDR. (b) The ICCDR.

side. However, the CDR behaves like an ac current source
in the ac side, which is not compatible with S-S WPT system.
Therefore, it is necessary to have a capacitor in parallel at the
input of the CDR to decouple both current sources as in [25]
and [26].

In [27] and [28], an inverse coupled current double rectifier
(ICCDR) for LLC resonant converters is proposed, which is
also compatible in the S-S WPT system. The main contribution
of this paper is the analysis of using the ICCDR in S-S WPT
systems (Fig. 1). The ICCDR uses an autotransformer instead
of the two independent inductors in the CDRs, it keeps the
same performance to double the current as CDRs; Fig. 2
shows the voltage and current waveforms of the CDR and the
ICCDR. The current is square, and voltage is sinusoidal in the
traditional CDR as shown in Fig. 2 (a), which makes the CDR
not compatible with S-S WPT system. In contrast, as shown
in Fig. 2 (b), the current through the ICCDR keeps sinusoidal
and the voltage is squared, behaving like an ac voltage source,
being fully compatible with the S-S WPT system without
being necessary to add any capacitance as in [25] and [26].
Compared with the CDR, the size of magnetic components in
the ICCDR is smaller, because the two independent inductors
in the CDR store energy while the autotransformer (inverse
couple inductors) of the ICCDR does not store energy, being
very suitable in high current applications. Besides, the CDR
requires a parallel capacitor at the input to be compatible
with the S-S WPT system, making the equivalent ac load
to be capacitive, the equivalent reactance of the load stage
will depend on the output power, which makes the secondary
harder to tune with load variation. However, the equivalent ac
impedance of the ICCDR is pure resistive under the whole
power range.

Compared with the full bridge rectifier WPT system, the
losses on the ICCDR can be reduced dramatically for low
voltage high output current applications (200A). Besides, the
volume and weight of secondary can be minimized dramati-
cally due to the volume save of secondary resonant capacitors.
A comprehensive comparison between the proposed ICCDR
system and the traditional full bridge rectifier system is
presented in this paper. The effect of the added ICCDR to
the WPT system is described and verified by simulation and
measurements.

This paper is organized as follows: Section II analyzes
the operating principles of the proposed WPT system based
on the fundamental harmonic analysis model. In Section III,
a comprehensive comparison between the proposed ICCDR
system and the traditional diode-rectifier system is presented.

Modelling of resonant coil link

Fig. 3. Equivalent circuit of a S-S resonant WPT converter.

In Section IV, a 10kW 400V/48V WPT prototype for battery
charger is constructed and tested to validate this proposal.
Finally, the conclusion is drawn in Section V.

[l. FUNDAMENTAL ANALYSIS

A typical wireless battery charging system consists of
three stages to charge a battery wirelessly: the inverter stage,
the inductive link, and the rectifier stage. In the following
paper, the lowercase letters are used for the representation of
instantaneous signal which varies with time, dc value and rms
value are denoted by uppercase letters, signals in S-domain
are denoted by uppercase letters with a dot on the head of the
letter. For example, in Fig. 3, the inverter stage is modeled as
an ac voltage source represented by V1, whose amplitude is
V1, the rectifier stage is modeled with a pure ac resistive Ry,
and the coil link is modeled as a transformer with a turn ratio
equals n. L1 and Lo are the self-inductance of the transmitting
and receiving coils, whose parasitic resistances are R; and
R,, respectively. Vz, Ry and P,,; denote the output voltage,
output load resistance and output power, respectively. To
distinguish parameters in the proposed ICCDR system from
that in the traditional full-bridge rectifier system, the letters in
the traditional rectifier system are with prime symbol ().

A. Review of S-S WPT Model Working as Voltage Source

The selected WPT topology is a series-series resonant
network behaving as a voltage source. The main reasons for
this decision are: zero voltage switching (ZVS) behavior in
the inverter stage along the whole operating frequency range
and the requirement of regulating under a wide power range.
In [12], different compensation approaches are analyzed, iden-
tifying these advantages in the series-series resonant network
behaving as a voltage source. The compensation capacitors
placed in series with the coils are tuned with the leakage
inductance as in [12], by doing so, it is possible to achieve a
constant voltage source.It is worth noting that the ICCDR can
be used in different compensation approaches of a S-S WPT
system (current source or voltage source).

Thus, the primary and secondary capacitor at the resonant
switching angular frequency w,.s are selected to satisfy with:

1
W2 Li(1— k)

res

C, = (D
v
w2 L2 1-— k‘)

Tes

Cr = 2
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Fig. 4. Equivalent secondary circuit of WPT system based on traditional
full bridge rectifier model with diodes. (a) D2 is ON. (b) D1 is ON.

Therefore, the impedances jw,esL1(1 —k) and jwyesLo(1—
k), cancel with 1/jw,sC1 and 1/jw,sC> respectively, working
as a short circuit at resonance frequency, as shown in Fig. 3.

To obtain a simplified expression of the output voltage gain,
the resistances of the non-ideal coils (R, and R») are neglected
since the voltage fall is small. It follows that the output voltage
depends on primary ac voltage V; and the inductive link turns-
ratio n:

Vi
VLeq — ;1 H @Wres (3)

where n is defined as:

n = \/Ll/Lg (4)

Equation (4) is obtained by neglecting the voltage drop on
the parasitic resistance of the coils since it is small compared
to the input and output voltage. Assuming this simplification
and following the methodology proposed in [12], the optimum
value of Lo to achieve the maximum possible efficiency is
the matching of the receiver coil self-inductance Lo to the
equivalent ac load resistance Rreq:

RLe
Ly=—="1_ 5
? Wresk\ﬁ ©)

Where £ is the coupling factor of the coil link. The maximum
efficiency of the coil link is derived as:

2v2

VLeq =1- m || @wres (6)
Where @ is the quality factor of the coil, defined as:
wresLl wresLQ
= = 7
Q R, Ry (N

B. Traditional Full Bridge Rectifier

Fig. 4 shows the full bridge rectifier model with diodes for
the output. Numbers of publications to derive this model in
literature have been analyzed [29]. With the first harmonic
approximation, a resistive load with a diode rectifier and a
capacitive output filter operating at a constant output power
P,.+ and output voltage V1, can be modeled by the equivalent
ac resistance R/Leq, which can be derived as:

8 8 V7
2= e, ®
From (5) and (8), the designed secondary coil self-
inductance for the traditional rectifier system is derived as:
S8Ry,
Ly=—-—"—
? \/§7T2kwres

’
RLeq =

)

Fig. 5. Equivalent secondary circuit of the proposed WPT system based
on ICCDR. (a) D2 is ON. (b) D1 is ON.

With the first harmonic approximation, the turn ratio in the
traditional rectifier system is derived from (3):
_Vin
=7,
With (4), (8), (9), and (10), the primary coil self-inductance
is expressed as:

(10)

/ 8V 72
L =—IN (1)
\/§7T2kwrespout

C. Inverse Coupled Current Doubler Rectifier

In Fig. 5, the secondary ICCDR circuit is shown, which
consists of an autotransformer T (an inverse coupled 1:1
transformer) and two diodes, where these two diodes can be
substituted by two grounded synchronous rectifier switches
to strongly reduce the losses. The two windings of the auto-
transformer continuously fed the output, while the two diodes
conduct complementarily. The current through the secondary
coil is half of the load current, which is good for high current
low voltage applications. L7 and L9 represent the primary
and secondary magnetizing inductance of the transformer,
respectively. Unlike the traditional CDR with two output
inductors which will change the current in the secondary coil,
the proposed ICCDR does not change the characteristic of the
series resonant in the secondary.

vry and vpe are the primary and secondary voltage across
the transformer windings. 771 and 79 are the current through
the windings, respectively. The coupling coefficient kr and
mutual inductance Mt of the autotransformer in the ICCDR

defined as:
are defined as My

vV Lri1Lrs
The ICCDR operates as following:
When the secondary current is positive [shown in Fig. 5

(a)], Do is turned on, half of the load current in D, circulate

directly though winding 2 of the autotransformer back to the

load, which is shown with blue arrows in Fig. 5 (a), the other
half (arrows in red) goes to the secondary coil and back to the

load through transformer winding 1.

When D, is conducting, the voltage of autotransformer
winding 2 equals output voltage V7, as shown in Fig. 6 (b).
All the simulations in this paper are based on the nominal
condition (10kW, 48V) without considering the parasitic.

The equations of the transformer winding are expressed as:

di di
vr1(t) = =L ( ZTl) + My ( ZTz)

kr = (12)

1
dt dt (13)
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Fig. 6. Simulated waveforms in the autotransformer of the ICCDR at
nominal power (10kW, 48V). (a) Current and voltage through winding 1.
(b) Current and voltage through winding 2.

di di
vra (t) = —Loo (;) + Mrp (d?) =Vr (14)

According to Kirchhoff’s Voltage Law (KVL), the equiva-
lent output voltage is derived as:

Vpeq = —vT1 + VL (15)

In the 1:1 autotransformer, the primary and secondary
inductance equal:

Lr1 = Lo (16)

With (13), (14), (15) and (16) the equivalent output voltage

when D; is turned on can be expressed as:
di

2 T1

ULeq = (1 — kT)LTl (dt

If it is assumed the 1:1 transformer is ideal, the coupling

coefficient k7 is equal to 1, the voltage across winding 1 equal

-V1, where the waveform is shown in Fig. 6 (a). When D is

turned on vy,4(t) can be expressed as:

) Sk VL a7

VULeq = 2V, (18)

Similarly, in Fig. 5 (b), when the secondary coil current is
negative, Do is turned off and D; conducts. Half of the load
current in D; goes through winding 1 directly back to the load,
the red arrows in Fig. 5 (b) show the circulation path, the other
half of the current in D; will go back to the secondary coil
Lo first, then go back to the load through winding 2 of the
transformer.

Using the same method, during D; is on, v., can be
expressed as:

VULeq = —2VL (19)

Equation (18) and (19) show that the ICCDR performs like
a voltage source as a normal full bridge rectifier does; both
rectifiers apply a square ac voltage to the resonant link receiver
that is compatible with the current source behavior of the
series-series resonant link that imposes a sinusoidal current.
On the other hand, the traditional CDR imposes an ac square
current waveform.

It can be confirmed that the amplitude of vy, is twice of
output voltage V. While the current in the secondary coil is

TABLE |
CURRENT AND VOLTAGE COMPARISON ON THE SECONDARY SIDE

Symbol Quantity Full bridge rectifier ICCDR
Current through
I (rms 1 1
2 (rms) secondary coil 2vz b vz b
. T ™
Ip (rms) Current through diode 4—\/5[ L m[ L

Current through
Iry, I rms - =1
T1, Iz (cms) transformer winding vz b

Vb Voltage rating on the diode %7 2Vy

half of the output current. The rectified tank output current,
2|i2(t)|, is filtered by capacitor C;. Since no dc current can
pass through C, the dc component of 2|i2(¢)| must be equal to
the steady-state load current I;. By equating dc components,
it is obtained:
2 (T2 4
IL— Tb‘/o 2|22(t)|dt— 7TI2 (20)
Where I, is the amplitude of ¢5(t). Since the fundamental
component of vreq(t) is in phase with i2(t). Based on first
harmonic approximation method [29] the ICCDR can be
modeled as a pure resistive load Ry,cq:

ULeq(t) o SVL/TF 32

= :—R
io(t) w4 w2t

Where the equivalent ac resistance of the ICCDR is 4 times
of the resistance in the conventional rectifier under the same
specification.

Thanks to the equivalent ac load changing, the secondary
coil inductance needed in the proposed WPT system with
ICCDR should be 4 times of that in the traditional full bridge
rectifier to keep the same behavior in primary, which can be
derived as:

RLeq = (2 1 )

_ 32Rp

\/iﬂ-zkwres

It means the resonant secondary capacitance needed is 4
times smaller. In high power and high output current appli-
cations, the secondary coil self-inductance value needed is
lower, being more sensitive to the coil geometry and tolerance
and parasitic inductance due to external connections between
the secondary coil and the resonant capacitors. However, the
higher inductance needed in the ICCDR will be less sensitive.

With (18), (19), and (3) the turn ratio in the proposed WPT
system is derived as:

Ly = 4L, (22)

_Vin n
n= TVL =5 (23)
With (4), (21), (22), and (23) the primary coil inductance

in the proposed WPT system is derived as:

_ 8V
\/§7r2kwrespout

which is the same with the inductance in the traditional system.
All above, in Table I, a comparison of the secondary side

ac current and voltage related with the load dc voltage V7,
and load dc current I, is shown. As demonstrated in Fig. 5,

L =L, 24)
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TABLE Il

MAIN PARAMETERS DESIGN COMPARISON FOR RESONANT LINK

System with full

System with

Quantity R .
bridge rectifier ICCDR
Primary coil inductance L/1 43 uH Ly 43 uH
Primary resonant capacitance C; 91.7 nF C1 917 nF
Secondary coil inductance L,2 0.87 uH Lo 3.5 uH
Secondary resonant capacitance C’; 4.08 uF C2 1.02 uF

Fig. 7. A comparison of the simulated secondary ac current and voltage
waveforms in both systems. (a) Traditional full bridge rectifier WPT
system. (b) The proposed ICCDR WPT system.

the whole load current goes through the diode, while only
half circulates though the secondary coil. Therefore, with the
same design specification (same output voltage and output
current), the amplitude of the current through the secondary
coil in the proposed system is half of which in the traditional
full bridge rectifier system while the amplitude of the square
voltage is doubled. The simulated waveform comparison of
ac voltage and coil current on secondary side is depicted in
Fig. 7. As a result, the equivalent ac resistance load will be 4
times of that with traditional full bridge rectifier which shows
agreement with the theoretical analysis in (21). Therefore,
if using the ICCDR instead of full bridge rectification and
keeping the same design specifications, the secondary coil
inductance needed in the proposed system should be 4 times of
that needed in the traditional system. If the designed secondary
coil in the ICCDR has the double number of turns than
that in the full bridge rectifier and keep the same area, the
coupling factor will be the same since the coupling factor
is only related with the geometry of the coil. Keeping these
two design considerations, the primary behavior (voltage and
current waveforms, phase shift and ZVS) is the same for both
rectifier systems.

[1l. CONVERTER DESIGN AND COMPARISON

In this section, a detailed design and comparison between
the WPT converter with traditional diode rectifier and that
with the proposed ICCDR configuration is described. A losses
comparison between ICCDR and traditional diode rectifier is
analyzed theoretically. A 10kW WPT system with the pro-
posed ICCDR and diodes rectifier is designed and compared.
The designed system working frequency is 100kHz. The input
voltage of this system is 400V. The output voltage is in the
range between 38 Vdc and 55 Vdc, the nominal output voltage
is 48V and the rated output current is around 200A. Using the
methodology described in Section II-C, the deigned parameters
for the traditional WPT system and the WPT with proposed
ICCDR can be derived. To make a trade-off between the coil
link efficiency and the inverter losses, the designed power is
for 7.5kW with an estimated couplings factor 0.42. In Table
II, a comparison of designed parameters between the proposed
WPT system and the WPT system with traditional rectifier is
shown. With the same specification, the voltages and currents
remain unchanged on the primary side, regardless of using

TABLE Il
SPECIFICATION OF THE AUTOTRANSFORMER IN ICCDR

Fig. 8. The autotransformer design in the ICCDR.

Quantity

Value

Core/material
Foil / width (thickness)
Foil / height

PQ50/50 / 3C95
Copper /300 um
Copper /30 mm

Insulator /width (thickness) Capton / 70 um

Winding ac resistance (100kHz) 0.58 mQ2
Magnetizing inductance 80 uH
Number of turns 3
Number of parallel 2
Leakage inductance 150 nH
Coupling factor 99.81%

the proposed ICCDR. The parameters of the primary coil
and primary resonant capacitor keep the same with traditional
rectifier. However, this is not true for the secondary side. Table
I shows that the secondary coil rms current is reduced by 50%.
The diode and output capacitor currents remain unchanged
for the converter with an ideally coupled transformer for the
proposed ICCDR.

A. Comparison of the Losses in the ICCDR and Full
Bridge Rectifier with Diodes

In low output voltage and high output current applications,
a big part of losses is wasted on the rectifier stage due to the
conduction losses on the components of the rectifier, saving a
big amount of energy in the proposed ICCDR compared to the
diode-rectifier. Whereas the volume of the proposed ICCDR
does not increase compared with the traditional CDR using
two inductors.

An interleaved foil transformer is designed to minimize the
leakage inductance, which is suitable for high output current
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Fig. 9. A comparison of the simulated current and voltage through the
semiconductors in both rectifiers. (a) Traditional full bridge rectifier. (b)
The ICCDR.

applications. The specification and design parameters of the
transformer in ICCDR is shown in Table III. A PQ50/50
core was selected with a good trade-off between the size and
losses. The designed transformer has 3 turns with 2 winding in
parallel, each winding of primary and secondary is interleaved
to reduce the permeability effect and eddy-current effect. The
simulation model is built in ANSYS which is shown in Fig. 8.
The red winding is primary and yellow one is secondary, which
are interleaved. The measured autotransformer parameters are
shown in Table III. The currents circulating through the
transformer winding are shown in Fig. 6. The voltage across
the transformer winding v, and vro at worst cases is a square
voltage with an amplitude of 55V. The peak ac flux density
can be derived [29]:

AB = =014T

2nA, 25)

Where A denotes the volt-seconds applied during the pos-

itive portion of vpy or vre, A, is the core effective (cross-

sectional) area. According to the datasheet from the core

manufacture, the core losses working at 100 kHz can be
calculated:

Peore = 14.8 x AB*® A l, = 3.63 W (26)

Where [, is the core effective length. Based on the FEA
model [30], the winding losses contains dc winding losses
Pic_winding and ac winding losses Pyc winding Which are
5.21W and 2.1W, respectively. So, the total losses on the
transformer are around 11W.

In Fig. 9, a comparison of the simulated current and voltage
though the semiconductors in both rectifiers is shown. The
currents trough the semiconductors in both rectifiers are the
same, while the voltage withstand by the semiconductors is
doubled in the proposed ICCDR. This is one drawback of
the proposal. In order to fast validate this proposal, a passive
rectifier with diodes in the proposed ICCDR is used.

The diode losses are dominated by the high current (200A)
conduction losses as Schottky diodes are used. So, the losses
on each diode will be similar for different volage rating. The
diode chosen for the proposed ICCDR and the conventional
WPT system with diodes rectifier are STPS200170tv1. Fig.
9 shows the waveforms of the current through the diode
for 10kW. According to the datasheet given by the diode

(a) )

Fig. 10. Prototype of secondary comparison. (a) Full bridge rectifier
system. (b) The proposed ICCDR system.

TABLE IV
COMPARISON OF SECONDARY RESONANT CAPACITOR

System with full System with

Quantity R K
bridge rectifier ICCDR
rms current (need) 240 A 120 A
rms voltage(need) 77V 150 v
Capacitor selected B32654A2683 B32653A2153
Capacitance of each one 68 nF 15 nF
Voltage rating @100 kHz 180 V 350 vV
Number of capacitors needed 60 70
Maximum current (rms) 461 A 230 A
Current derating 1.92 1.92
Total Area 6%60 = 360 cm?  2.9%¥70 = 203 cm?
Total Volume 1077 cm? 418 cm?

manufacturer, there is around 85W losses on each diode when
100A average current goes through this diode. The traditional
rectifier presents 2 diodes in series while the ICCDR is only 1
diode conducting. By using the proposed ICCDR, 160W losses
can be saved, being 47% losses reduction on the rectifier stage.
However, it is necessary to highlight that these two diodes in
the ICCDR can also be substituted by switches [27], being an
active ICCDR.

B. Comparison of Secondary Resonant Capacitor

In the high power WPT system, the resonant capacitors
account for a huge volume and weight of the whole system.
The resonant capacitors are in series with the energy flow,
circulating the high secondary resonant current through the
corresponding resonant capacitor. In order to do a fair compari-
son, the capacitors are designed with the same current derating
(maximum rated current / maximum circulating current), for
the sake of robustness due to the huge circulating currents
in secondary the selected current derating is almost 2 (1.92)
in both rectifiers. According to (1) and (2), the secondary
capacitance needed (1.02uF) in the proposed system is one
fourth of that needed (4.08uF) in the traditional full bridge
rectifier system, and the amplitude of secondary current circu-
lating through the resonant capacitor is only half of that in the
traditional full bridge rectifier system. The rms current through
through the secondary resonant capacitor in the proposed
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Fig. 11. Designed secondary coil comparison. (a) Secondary coil for full
bridge rectifier system. (b) Secondary coil for the proposed system.

TABLE V
PARAMETERS COMPARISON OF COIL LINK

System with full System with

Quantity

bridge rectifier ICCDR

Primary coil inductance 43.7 uH 43 uH
Secondary coil inductance 960 nH 353 uH
Primary coil ac resistance 67 m$2 67.5 mQ2
Secondary coil ac resistance 2.2 mS) 7.4 mQ2
Voltage rating @100 kHz 180 V 350 V
Distance 40 mm 40 mm

Coupling factor 0.4 0.4

system is 120A, while in the traditional full bridge rectifier
system, it is 240A. Based on the design specification, the
capacitors selected are shown in Table IV. The capacitor
selected for the traditional system is B32654A2683 from TDK,
the capacitance is 68nF, and the maximum rms voltage at
100kHz is 180V, 60 parallel capacitors are needed to achieve
4.08uF. The designed resonant capacitor for the proposed
system has 60 parallel 15nF capacitors (B32653A2153) to
obtain 1.02uF of capacitance with 350V maximum voltage
rating at 100kHz. The obtained voltage derating (maximum
rated voltage / maximum applied voltage) is very similar, about
1.65 in both rectifiers. Keeping the same ac current derating
and the same ac voltage derating, the secondary resonant
capacitors of the ICCDR system have an area 43% lower and
a volume 61% smaller than those of the full bridge system.

C. Comparison of Secondary Coil

The inductance needed in the secondary coil for the pro-
posed system system is 4 times larger than that needed in
the diode-rectifier full bridge rectifier system, having the
double number of turns in the ICCDR than in the full bridge
rectifier to keep the same specification in both systems. The
methodology followed to design the coil link is the one
proposed in [30]. Since the coupling factor is only related
with the geometry of the coils, the secondary coil is designed
to have the same area in both rectifier systems to have the
same coupling factor, being a fair comparison of the system
efficiency (not influenced by the coupling factor difference).
Therefore, the designed secondary coil for the full bridge
rectifier system has 1 turn with 8 in parallel, which is shown in

Shielding
(b)

Primary coil

Fig. 12. Prototype of primary coil and coil alignment. (a) Primary coil
geometry. (b) Coil alignment.

Fig. 11 (a). As a comparison, the designed secondary coil for
the proposed system is shown in Fig. 11 (b), which has 2 turns
with 4 in parallel and the inductance increased 4 times. The
size and weight of these two coils is similar and the increased
inductance in the proposed system does not introduce more
volume and weight to the system. Table V shows the measured
coils inductance and coupling factor. With 2 turns instead of
1 turn for the secondary, the coupling factor almost keeps the
same, which means that the main characteristic of the inductive
link is same to do a fair comparison between both rectifier
circuits.

To have a fair comparison everything is the same in primary,
the coupling is the same and the differences are only in the
secondary, having the same specifications. The primary coil,
primary resonant capacitors and inverter keep using the same
in both rectifier WPT systems. However, the proposed system
can save about 160W losses in the proposed ICCDR when
delivering 10kW, and the power density can be increased dra-
matically by the new configuration of the secondary resonant
capacitor.

IV. EXPERIMENTAL VALIDATION

In order to verify the proposal, a 10kW WPT system with
400V input and 48V output voltage is developed. The primary
coil and coil link alignment are shown in Fig. 12 (b). The
selected switches in the inverter stage are SiC MOSFET
(C3MO0030090K) since they present very good features to
be employed in this sort of application. Two MOSFETsSs are
mounted in parallel, one is on the top side the other is on
the bottom side, to reduce the conduction losses. In addition,
a heat-sink with an integrated fan is included to help the
dissipation. The designed primary coil that has 8 turns in
one layer is shown in Fig. 12 (a), which presents 43.7uH
inductance. The experimental setup to test the 10kW WPT
system is shown in Fig. 13. The microcontroller to generate the
control signals is TMS320F28379D from Texas Instruments.
The main parameters of the system are shown in Table VI

Fig. 14 shows the main waveforms of the proposed WPT
system operating at rated power. In Fig. 14 (a), the square
input voltage and primary coil current are depicted. It can be
observed that the primary coil current ¢; is still sinusoidal and
the proposed ICCDR has no impact on the primary circuit
behavior. Fig. 14 (b) shows the current through the primary
winding of the autotransformer in the proposed ICCDR and the
voltage across D;. The peak-to-peak current is 160A, continu-
ously feeding the output. The secondary winding current is just
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Fig. 13. Experimental setup.

TABLE VI
MAIN PARAMETERS OF THE SYSTEM

Symbol Quantity Value
Vin Input voltage 400 V
\%3 Nominal output voltage 48V
Pout Nominal output power 10 kW
fres Nominal frequency 100 kHz
L1 Primary coil inductance 43.7 uH
Lo Secondary coil inductance 3.55 uH
d Distance 40 mm
k Coupling factor 0.4
Ch Nominal primary capacitance 93 nF
Co Nominal secondary capacitance 1.02 uF
Q1-Qa MOSFET C3M0030090K
D1-Do Diodes STPS200170tv1

the same than the primary one. The output current before the
output capacitor will double, being a rectified sine wave with
an amplitude of 320A, which means the average output current
circulating though the load is around 200A. One drawback of
this proposed circuit is the voltage ringing on the diodes, which
can be observed in Fig. 14 (b). This ringing is caused by the
leakage inductance of the autotransformer and the parasitic
elements in the circuit. To damp this ringing a snuber circuit
is needed to prevent from damaging the components. In [31],
two passive lossless snubber circuits are proposed for current
doubler refctifiers, which could be used in the ICCDR to damp
the ringing, it can recycle the energy stored in the leakage
inductance.

In Fig. 15, the loss breakdown at a nominal output power
(10kW) is shown. It can be seen that the efficiency is mainly
influenced by the power semiconductors (diodes and MOS-
FETs) and the coil link. Due to the compensation approach
working as a voltage source, the primary MOSFETs can
achieve ZVS, and the switching losses are small (40W) com-
pared with the conduction losses (88W), with two MOSFET in
parallel. Even though we only have two diodes instead of four,

war B g 069w B wac 1859 V2 WA Tigh 4 R0
1597 A

- . 1 wax: 15882 & Pebks 1

T

3 s T : \J
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Fig. 14. Main waveforms of the experimental results. (a) Square input
voltage and Primary coil current. (b) The voltage of D; and current of
transformer winding 1.

Losses Breakdown

Inveter stage (MOSFET) 12 88W 40W
Bodydiode Conduction Switching

Primary transmitter Coil 138W

Primary resonant Cap 17W

Secondary receiver Coil 106W

Secondary resonant Cap ~ 17W

ICCDR (Diodes) 170W

ICCDR (Autotranformer) 1IW

0% 5% 10% 15% 20% 25% 30%

Fig. 15. Estimated losses breakdown at nominal output power.

the losses on the diodes in ICCDR still accounts for a big part
of the losses of the whole system due to the forward voltage
drop of the diodes. But 47% losses on the rectifier stage can
be saved compared with the traditional four diodes rectifier.
Synchronous rectification could reduce the conduction losses,
especially when paralleling the rectifier switches. These two
diodes in ICCDR can be substituted by two grounded switches,
becoming to an active rectifier. Even though, the impact is not
significant than the passive rectifiers, there are still 27% losses
reduction when the active ICCDR is used compared with the
full bridge active rectifier (with MOSFETs).

In Fig. 16, the comparison of the measured frequency
response to the voltage gain is shown. Three different loads
(0.2759Q2, 0.75€2, 2.3Q0) are described to show the impact of
the proposed circuit to the frequency response. The gain
characteristic of the proposed system and the traditional diode-
rectifier system shows great agreement. In the nominal load
condition (0.27512), the voltage gain of the proposed ICCDR
system (red dash lines) is around 2V higher than that of the
traditional diode-rectifier system (red solid lines), which is
caused by the voltage fall of the extra two diodes in the
traditional system and the tolerance of the system but being
within the expectation. It can be observed this difference
reduces with the decrease of the load. It can be validated
that the proposed system does not change the behavior of
the circuit and the same control strategy can be used in the
proposed ICCDR WPT system.

The total efficiency and losses comparison are presented
in Fig. 17 for different load conditions (4.6, 2.3, 1.152,
0.75€2, 0.52, 0.575€2, 0.45€2, 0.385¢€2, 0.33€2, 0.275%2) with the
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Fig. 17. Comparison of the losses and efficiency.

fixed nominal frequency and the change of load resistance. The
efficiency curve of the proposed ICCDR system is depicted
with blue lines with a peak efficiency of 94.07% at 7.2kW,
the red lines denote the traditional diode-rectifier system with
a peak efficiency of 92.06% at 8.7kW. 2% efficiency is
improved, and 220 W energy is saved in the proposed system
when the delivered power is 9.5kW.

It is shown that the analysis and measurements are in
good agreement. Additionally, it is validated that the proposed
ICCDR WPT system does not have effect on the gain charac-
teristics of the system and does not change the primary circuit
behavior in terms of the primary current, voltage and circuit
parameters. Besides, the efficiency of the proposed system
improved 2% compared to the diode-rectifier system.

V. CONCLUSION

In this paper, a 10-kW 400V/48V wireless power trans-
fer (WPT) system with an inverse coupled current-doubler
rectifier (ICCDR) is presented. The ICCDR consists of an
autotransformer and two diodes instead of four diodes to
reduce the losses on the didoes for high current low voltage
WPT applications. In the proposed WPT system based on
ICCDR, the current though the secondary coil reduces half,

the secondary resonant capacitor value is one fourth of the
traditional system.

A detailed comparison between the proposed system and
full bridge rectifier system is presented. Both systems (the
proposed ICCDR system and the traditional diode-rectifier
system) are constructed experimentally with the same spec-
ifications to compare the results and validate the proposal. An
overall efficiency of 94% is achieved in the proposed system.
Experimental results show that a 2% efficiency is improved in
the proposed system with 220W energy saved when delivering
9.5kW output power. It has been validated that the proposed
ICCDR does not change the system’s frequency response of
voltage gain and the design parameters of primary keep the
same. However, the configuration of the secondary resonant
capacitor will change, leading to a 43% area saving and 61%
volume reduction on the secondary resonant capacitors under
the same design specification. The system efficiency and power
density are improved significantly in the proposed system.

The two diodes in the proposed ICCDR can be substituted
by two grounded switches to strongly reduce the power losses
on the rectifier. The drawback of the proposed system is the
voltage ringing on the diodes, which is caused by the leakage
inductance of the autotransformer and the parasitic resonance
between the capacitance in the circuit. This ringing can be
reduced by using the lossless passive snubber proposed in
[31]. A WPT system based on ICCDR is a very appropriate
topology for high power and high current applications. The
proposed solution should be a good candidate for fast wireless
battery chargers.
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