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SS and LCC-LCC in Simultaneous Wireless
Power and Data Transfer: A Comparative
Analysis for SAE J2954-Compliant EVs

Inmaculada Casaucao
and Alberto Reatti

Abstract—Simultaneous wireless power and data trans-
fer (SWPDT) is a technology that enables the transfer of
electrical power and data signals at the same time. Since
the transfer is performed through the same physical link,
particular attention must be placed on the frequency re-
sponse and mutual influence between data and power
channels. Although several studies have been proposed
for SWPDT modeling applied to electric vehicles (EV), an
extensive analysis of the influence of misalignment on the
frequency response of the data channels is lacking in the
literature. This article investigates the robustness to mis-
alignment of the data channel using two main resonant
topologies, such as those based on series—series (SS) and
LCC-LCC compensation circuits. The analytical model of
the data channel is derived for both topologies and the
performances are evaluated in two lab prototypes using
the misalignment scenarios described in the SAE J2954
standard. Variables, such as efficiency, signal-to-noise ratio
(SNR), and capacity of the data channel have been ana-
lyzed. Similarly, attention has been paid to backward data
transmission, which is of interest for vehicle-to-grid charg-
ers. The obtained results in each analysis show that the
data channel in LCC-LCC topology has a more stable and
symmetrical performance.

Index Terms—Bandwidth, data transfer, electric vehicle
(EV), gain, LCC, misalignment, signal-to-noise ratio (SNR),
series—series (SS), simultaneous wireless power and data
transfer (SWPDT).
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[. INTRODUCTION

IRELESS charging of electric vehicle (EV) introduces
W new advantages over wired charging, as the driver’s
involvement in the charging process is minimized. An inductive
WPT system consists of a primary circuit (transmitter) and
secondary circuit (receiver), as shown in Fig. 1. A pair of
air-core coupled coils is used for power transmission. For EV
charging, the primary circuit is located in the electric vehicle
supply equipment (EVSE), and the secondary circuit in the
EV. It is important to note that a compensation mechanism on
both sides is required in an inductive-resonant wireless power
transfer system, allowing the system to work in resonance at a
given frequency. Hence, these structures enhance and improve
power transmission [1]. In the literature, there are two notable
compensation systems with similar characteristics used for EV
SWPDT systems: series—series (SS) and LCC-LCC [2]. The
SS compensation system is one of the most widespread and
widely used, because of its simplicity, its design is independent
of the load, it has more stable behavior faced with the bifurcation
phenomenon, and needs for a smaller amount of copper in the
windings [3]. The LCC-LCC compensation systems (named
in the rest of this article as LCC) result in an output current
independent of the load, filter a large proportion of the har-
monics found at the inverter and rectifier output, allow for a
zero-voltage switching (ZVS), and have great deal of freedom
in design [4]. Both topologies show a good performance in the
misalignment phenomenon for power transfer, which is required
in conventional EV wireless charging.

In the charging process of an EV, information is exchanged
between the EVSE and the EV through the charging connector.
This requires a wireless information transmission system to
be included in the system. Commercial technologies can be
used, such as bluetooth, bluetooth low energy, Zig-Bee, radio
frequency, and IEEE 802.11 (Wi-Fi) for this application, but
all of them have some drawbacks, such as pairing problems,
connection losses, transmission delays, and cybersecurity issues,
which are a crucial aspect [5]. Cyberattacks compromise private
user information, such as account numbers or personal data, or
they could cause physical damage to the infrastructure and/or EV
with incorrect charging. A possible solution is the replacement
of commercial technologies with power circuits, which allows
for data transmission. This double circuit is named simultaneous
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Fig. 2.  SWPDT topologies. (a) SL-SC. (b) SL-DC. (c) DL-DC.

wireless power and data transfer (SWPDT) systems, and numer-
ous designs are available in the literature, as indicated in [6].
These technologies are mainly classified as single link-single
carrier (SL-SC), double link-double carrier (DL-DC), and single
link-double carrier (SL-DC) [7], as shown in Fig. 2. In SL-SC,
the data transmission is accomplished through the modification
of the power signal, either in frequency, amplitude, or phase.
These modifications are detected in the data receiver circuit
and demodulated for interpretation. All the transmission takes
place through a single pair of coupled coils, affecting the data
transfer to the power transmission. In contrast, in a DL-DC
system power and data are transmitted at the same time through
different channels, by using two completely independent signals
and, at least, two pairs of coupled coils. Finally, in SL-DC
topology two different signals are used, one for power and one
for data, transmitted through a single pair of coupled coils. In
this case, the frequencies used for each of these signals must be
at least one order of magnitude apart. Thus, if the power signal
is transmitted on a carrier of the order of kHz, it is recommended
that the data signal be of the order of MHz. SL-DC is one of the
most versatile and extensively used systems, able to combine
the benefits of the other configurations. In an SL-DC system
the characteristics offered by this particular data channel must
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be carefully investigated to determine whether variables, such
as bandwidth or bit-rate are suitable for the communication
requirements. Initially, the characteristics are expected to vary
under coil misalignments. Communication and power circuit in
SL-DC systems share some electronic elements and, therefore,
the power components may affect the communication perfor-
mance.

The role of compensation systems is crucial as they are reac-
tive elements, which have different impedance and performances
also depending on the operating frequency. Thisis why in SL-DC
systems, it is recommended to keep the frequency of the data
signal at least one order of magnitude higher than the frequency
of the power signal.

The study of transfer functions is fundamental to the de-
velopment of an SWPDT system, in order to understand the
performance that the communication system can offer. The
authors in [8] and [9] studied the transfer functions of an
LCC compensation system, while in [10] and [11], the studied
topology is SS. No misalignment study has been found in these
cited papers. However, these papers do not consider the parasitic
resistances of all the reactive component, which have relevant
effects on EV wireless charging. Yao et al. [12] included a
brief analysis of the misalignment effects, they indicate that the
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system they propose remains essentially unaffected at different
misalignment distances. This analysis is carried out with generic
distances, without distinguishing between the possible misalign-
ment axes. In contrast, Wang et al. [13] showed a graph where
the data channel gain increases with the mutual inductance M,
without phase analysis. The reviewed literature also includes
comparisons of both compensation systems in terms of power
channel [14], [15]. To the best of authors’ knowledge, no com-
parative study has been carried out to analyze the performance
of these two main technologies in terms of data transmission.
In particular, it is useful for the designers to investigate how
the data transfer performs when there is a coil misalignment,
which is a typical operation of EV wireless charger [16]. In
fact, SAE J2954 establishes that misalignment could occur in
three axes (X, Y, Z) and sets maximum conditions for each
of them. It is noteworthy the importance of the analysis of the
transfer functions not only in terms of gain, but also in phase, as
it influences some modulation techniques, such as PSK.

In this article, the performance of the SS and LCC compen-
sation topologies in an SL-DC system, is analyzed not only
considering the power transmission but also including data
transmission. The significance and the novelty of this article
is that the parasitic resistances of all reactive elements have
been considered. Furthermore, the integration of the SWPDT
system for a real EV charger prototype, whose dimensions and
parameters are determined by the SAE J2945 standard has been
carried out.

The main contributions of this article are as follows.

1) The definition of the transfer function (in terms of gain
and phase) for the data and power channels in an SWPDT
EV charger. The formulation includes the parasitic resis-
tances of reactive components, which have a significant
impact on the system performance as we have demon-
strated for SS and an LCC compensation systems. To
validate the transfer functions under realistic conditions,
we have considered the variation of the parasitic resis-
tance with the working frequency as two frequencies are
involved in these EV applications.

2) The theoretical analysis of the bandwidth offered by the
data channel for both compensation systems to under-
stand the effects of typical coil misalignment conditions
identified by SAE J2954.

3) The study of the impact of the data channel on the
power channel and vice versa for the conditions set in
SAE J2954. For this purpose, it has been analyzed the
signal-to-noise ratio (SNR) between the power and data
signals and the capacity (bits/s) for each misalignment
distance and at different power levels, studying the trend
of the curves under variations of the input voltage.

4) The study of the backward data transmission, with a
comparative between forward and backward performance
for both topologies. The study of backward transmis-
sion is of interest for the integration of wireless EV
chargers with vehicle-to-grid (V2G) control systems. In
this context, communication occurs in both directions,
and the performance for each compensation topology is
different.
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Fig. 3. Basic structures of (a) SS compensation system, (b) LCC
compensation system.

5) The design and experimental tests of SS and LCC proto-
types to validate the theoretical approach.

The rest of this article is organized as follows. Section II
gives a basic description of the SS and LCC systems designs. In
Section III, an analytical study of transfer functions for power
and data channel is carried out, both for SS and LCC compensa-
tion systems. The experimental validation of the previous analyt-
ical study is described in Section I'V. In Section V, a theoretical
and experimental analysis of misalignment conditions in SS and
LCC configurations is performed. Finally, Section VI concludes
this article.

[I. DESIGN OF THE COMPENSATION TOPOLOGIES

Compensation circuits are typically installed in EV wireless
chargers to make the system operate at resonance and improve
the power transmission. In this article, the design and implemen-
tation of SS and LCC compensation systems has been carried
out, as shown in Fig. 3.

The capacitors used for the SS compensation system are
calculated according to

_ 1
i—{12) wiLi

ey

where w,= 27 f,, and f), is the power channel frequency.

For LCC compensation system two different parameters must
be considered: capacitor values and extra added coils values.
Extra coils (L and L ;) are sized assuming that the inductance
value is at least the value of the coupling coefficient of the
system, so that [Lysy, Lg] > M, as suggested in [18]. The
capacitor value is given by

1
c; = (2)
i=(12y  wi(Li — Lyi +Thx)
Cpi = 3)
fi =
i={1,2} W%(Lfi)

being T,, x the value of the equivalent inductance of data trans-
former, and n-term adopts the values 7" (for Ttx) and R (for
Trx)-

I1l. ANALYTICAL STUDY OF TRANSFER FUNCTIONS

In this section, the transfer functions of SS and LCC com-
pensation systems with power and data transfer are derived by
including nonideality of the reactive components. The compar-
ative gain and phase analysis is conducted also for the data
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Fig. 5. TX transformer equivalent scheme.

channel, while the analyzes available in the literature miss some
parasitic components and only refer to the power channel.

A. SS Power Channel

The proposed scheme for the study of the power channel in
an SS system is shown in Fig. 4 where Vjjgna1 represents the data
generator and V;, the power source for the EV charge.

According to [19], a transformer equivalent scheme is that
shown in Fig. 5, where Lgi;, Rrx;, and L,, are the leakage
inductance, the winding resistance, and the magnetizing induc-
tance, respectively. Zr4 is the transformer output equivalent
impedance and NV, and N are the primary and secondary coil
turns, whose values are used to calculate the turn ratio as

N,
nrx = Ff 4
z ! 5)
Ld = —"71 | 1
jiXca + Rq
Lay;, =(1—Fk)Lg; (6)
i={1,2}

where L4; is the self-inductance of the primary and secondary
transformer windings.

According to Fig. 5, the primary and secondary impedances
are Z, = Rpx1 + jXrak, and Z; = Rrx2 + j X 1dk,, respec-
tively. The impedance of the magnetization inductance is Z,,, =
iXr,, .

To study the transformer impedance as reflected to the primary
side, the equivalent impedance circuit is shown in Fig. 6.

The impedance reflected by the transformer is

n}%XZmZS + ZLd

Zitret = 2. .
tfref P + Zm T nﬁX(Zs T ZLd)

(N
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Fig. 6. TX transformer equivalent impedance.

The secondary circuit impedance is expressed as
Zy = j X2+ Rio + Zigret + X2 + Roo + Rac + Ry (8)

where X1, and Xgx are power and data coil reactances, respec-
tively, R, is the resistance of the connection wires, and X
is the secondary capacitor reactance. The internal resistance of
each element, such as R;,, R4, and R¢; have to be considered.
The equivalent load resistance after the rectification process of
the battery resistance (Rp) is

8

Ry = 72RL' (9)
T

The primary circuit equivalent impedance is

Zy = jXp1 + Ry + jX1x + Rrx + jXco1 + Rer + Ry
(10)
Applying Kirchhoff’s laws and simplifying terms, the gain, SS
circuit power transfer function is derived as follows:
Vout JwM Ry

Gpss = —— =

= — 11
Vi Z1Z2+(LUM)2 an

Viignal=0

B. SS Data Channel

The estimation of the transfer function for data transmission
in an SS compensated system is carried out by means of the
calculation of three partial transfer functions Gss, Gass, and
G3ss, being GISS = %, sts = %, and G3ss = %, as shown
in Fig. 4.

To analyze the transfer function of the data channel, the
transfer function governing the operation of a transformer must
be studied, as this is the method by which the data signal is fed
into the circuit. Thus, the transformer voltage transfer function
for a nonideal transformer is

NRXZ1dXL,,
nlzzx(Zs + ZLd)(Zp + Zm) + ZpZm'

The impedance of the power channel secondary circuit, consid-
ering the transformer equivalent impedance is

Giss = (12)

ZZd = .jXLZ + Ry + jXCZ + Zlfref + Rac (13)
Zva=73X+ R+ jXc1 + Rer + Ry (14)
wM)?
Zrefd = (Z ) . (15)
2d

With the equivalent impedance of the secondary circuit and the
equivalent impedance of the primary circuit, the partial transfer
function can be determined as follows:

j wM Zlfref

Gogg = o 2rel
S8 T aZhq + jwM?

(16)
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Fig. 7.

LCC power transfer equivalent scheme.

Finally, the transfer function resulting in the voltage gain of
the data transformer is analyzed. For this, the same theoretical
approach as in the (12) is used

Zratx = 41 + Zretd- (17

In this case, according to (17), the load impedance of the
transmitting transformer is considered to be Z; together with
the reflected impedance Z.¢4, while the primary and secondary
impedances of the transformer are

Zpit = X par1 + Rrrxi (18)
Zsiy = jXrar2 + Rurxe (19)
and
Nrx1
= 20
nrx Neo (20)
Thus, the partial gain is determined as
Ciss = NTXZ LdTX Zm
Wix(Zsty + Zrarx)(Zpts + Zm) + (Zptg Zim)
(20

Applying the principle of superposition, the total transfer func-
tion is derived as
Vb

Gaass = —

v = GissGassGiss.
A Vviu:()

(22)

C. LCC Power Channel

In an LCC compensation system, an inductor and a capacitor,
named Ly; and Cy;, are added to the basic SS configuration.
Fig. 7 shows an equivalent scheme of LCC circuit.

To determine the transfer function of an LCC circuit, some
variables are defined as follows:

a=Xrp+ Rppi +Xeop + Rey (23)
B8 =Xcsi + Rcyi (24)
v=Xp1+Roi+Xc1 + Rei + ZThvx + Xop + Rog

(25)
§= — jwM (26)
€= X+ Ry + Xcoo + Roa + Zigeet + Xcp2 + Rop2

(27)
n=Xcp + Rcyp (28)
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A= Ry + Xppo+ Rppo+ Xcypr + Reojpo. (29)

The relation between these variables is determined by Kirch-
hoff’s voltage law (KVL) as

ol — /BIp = Vin
—BI) +~1, — 61, =0
—6L, 4+ el, —nL =0
—’l’}IS + )»Iz =0.

(30)

Solving the system of equations and extracting the relation
between Vi, and V,, taking into account that V5 is

Vout = I Rye. (31)
The voltage gain in an LCC circuit is defined as
Vout
GpLce =
‘/I ‘/;ignal=0
BonRac (32)

T B2 + AR+ ard? + o — aer

D. LCC Data Channel

The calculation of the total transfer function of the LCC
system is carried out through the calculation of three partial
gains, following the same criteria used for the SS topology. The
analysis carried out to determine the partial gains G cc and
GiLcc is the same as that performed for the determination of the
gains G1ss and Gigs, so the equation for G cc is equal to (12)
and the equation for G cc is equal to (21).

The influence of the data receiving transformer on the power
circuit is first analyzed to derive Gy cc expression. The reflected
impedance of the receiver transformer follows (15). Thus, ap-
plying KVL, the following equations are considered:

ag=Xpp+ Ry + Xepr + Ropr (33)
Ba = Xcyf1 + Rey (34)
Ya = Xp1+ Rp1+Xeo1 + Ror + R+ Xoyp1 + Re

(35)

0g = — jwM (36)
€d = Zifret + X2 + Rpo + Xoo + Ren

+ Ry + Xcypo + Rojpo 37

ne = Xcg2 + Royp (38)

A= Roe + X2+ Rppo+ Xcjpo + Repo. (39

Therefore, the partial transfer function Gy ¢ for the LCC com-
pensation system is

Gt = q0drd Ziret
—B203 + €arafBi + ghadl + qvani — aava€ara
(40)
The total gain is calculated as follows:
Vb
GaataLce = Ve = GiLccGarccGaLcce- 41)
A Vizo

As an additional analysis, it should be mentioned that a study
of the effect that the particular values of the LCC compensation
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Fig. 8. SS experimental implementation.

Fig. 9.

LCC experimental implementation.

system have on the data channel has been performed. Three
different configurations have been analyzed for this study: the
real case, with the compensation values indicated in this article,
and two extra cases in which the value of L ¢ has been increased
and decreased by 50%, recalculating the rest of the components
with (2) and (3). This study shows that the values selected for
the compensation system affect the shape of the curve in the
kHz frequency range, keeping invariable the performance of
the circuit in the MHz order. Thus, the conclusions related to
the data transmission are valid for other configurations of the
compensation systems.

[V. EXPERIMENTAL EVALUATION

To experimentally validate the theoretical derivations, two
different prototypes have been designed and tested: one with
an SS compensation system and the other with an LCC com-
pensation system. Here, elements common to both solutions
have been used. An ITECH-BSS2000 power source, has been
utilized to generate the input dc voltage; four CREE KIT8020-
CRD-8FF1217P-J evaluation boards have been used as inverters
and rectifiers, they include C2M0080120D CREE SiC MOSFETS.
The inverter has been controlled by an algorithm developed for a
PICKIT4 device, with a DSPIC30f4011 digital signal processor
(DSP). Finally, EV battery is modeled with an EA-EL 9080-200
electronic load.

The prototype main coils (L; and L,) are wound with an
AWG-38 Litz wire and comply with SAE J2954. Both primary
and secondary coils include ferromagnetic material to improve
power transmission. The compensation systems capacitors and
coils have the values previously calculated in Section I. In
Figs. 8 and 9, the experimental implementation of these designs
are shown.

The circuit for data transmission consists of two toroidal
transformers with 3:3 and 3:4 transformer turn ratios for the
transmitter and receiver circuits, respectively. To generate a
1 MHz signal, a GF-232 function generator has been used.
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Fig. 10.  Power channel experimental magnitude and phase validation
of (a) SS compensation system; (b) LCC compensation system.

The values of the used components, including the main coils
and the mutual inductance, have been measured with a Wayne
Kerr 4300 LCR meter at 85 kHz and 1 MHz.

As shown in Table II, the values differ from each other,
so for the power channel the 85 kHz values have been used,
while for the data channel, the values measured at 1 MHz have
been selected. This criterion has been established since in the
experimental tests, a signal of 85 kHz was transmitted for the
power channel, while a 1 MHz carrier has been used for the data
channel. The variation of the measurements is mainly caused by
the different performance that the electrical components present
under different frequencies. In fact, as can be observed, even in
the same type of component this performance can be different
due to factors such as material, geometry, dimensions, or core
permeability.

To validate the power section transfer function, a frequency
ranging from 20 to 400 kHz has been established. While, a
frequency ranging from 150 to 2.5 MHz has been utilized to
validate data channel derivations.

A. Power Channel

The experiments for the power channel validation have been
carried out under the conditions listed in Table III.

As can be seen in Fig. 10, no significant difference is ob-
served between real system theoretical curves (with the par-
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TABLE |
RELATED WORK
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S SS-LCC SS-LCC data ..
ystem 3- axes Parasitic . Backward
power channel channel B i A Bandwidth
Ref. transfer . . misalignment resistance lysi data Analysed parameters
function comparative comparative analysis consideration analysts transmission
analysis analysis
[8] v v Gain, Efficiency, SNR
[9] v g Gain, Efficiency, SNR
[10] v Gain
[11] v v Efficiency
[12] v v v Gain, SNR
[13] v Gain, SNR
[14] v v Gain, Efficiency
[15] v v Gain, Efficiency
[17] v Efficiency
rsjgeral] v v v v v v v Gain, Efficiency, VSNR,
channel capacity
TABLE Il 20 Bandwidth real case-
MEASURED CIRCUITS PARAMETERS Bandwidth Real system
& of ideal :ﬁe’://' . Ideal system
ko) — * Measurement
Measured Measured Measured Measured < 20k
Param. value at valueat 1  Param. value at value at 1 8
85 kHz MHz 85 kHz MHz -40 -
Ly 61.93 uH 92.32 uH C1 55.84 nF 74.49 nF 200000 1000000
Rra 0.07 Q 0.30 Q Rea 0.05 Q 0.10 © Frequency (Hz)
SS Lo 45.95 pH 67.19 uH Ca 81.36 nF 126.62 nF 100
Rpy 0059 2860  Rgp 0040 0.08 —— Heal oo
L1 6193 uH 9232 puH Ly 1827 uH 1805 pH € of * % Measurement
Rpi 007 Q 030Q  Rpp 0260 423 Q g ol
Lo 4595uH  67.19 uH  Lyy 1962 uH 1944 uH a
Rro 0.05 Q2 2.86 Q Rppa 0150 4.26 Q i
LCC ¢, 7546nF  9838nF  Cj;  190.60 nF  177.04 nF 200000 1000000
Re1 0029 0059  Royp1 0040 0.07 Q Frequency (Hz)
Ca 122.16 nF 11433 nF  Cpp  181.12nF  154.58 nF
Rea 0019 00292  Rgya 0050 0.03 O ()
LTX] 5.75 ,MH 3.87 ,MH LRXI 5.84 ,LLH 391 ,LLH
Rirxi 087 Q 468Q  Rirxy 0919 4859
DATA Ltxa 584 uH 399 uH  Lrxy 1018 uH 675 uH B ————
RLTXZ 0.87 Q 4.65 RLRXZ 1.61 Q 8.58 Bandwidth N Real system
Crx  4.02nF 403nF  Crx  4.02 nF 4.03 nF @ o ellee T T J Ideal system
=) \— — N *  Measurement
§ N0 PR
TABLE IlI 407 *
POWER TRANSMISSION PARAMETERS 108
Frequency (Hz)
Vi P Vout Pout Eff. 100 :
Topology ) W) V) W) %) e T e
SS 80 1096.80 173.30 1048.98 95.64 9 *__ Measurement
LCC 100 1062 166.40 967.28 91.08 5 100 —
-200 : J
10°
Frequency (Hz)
asitic resistances), and the experimental results, so that the
validity of the equations proposed can be verified. It should (b)
be noted that the ideal curves (without considering the par- ) . ) o
Fig. 11. Data channel experimental magnitude and phase validation

asitic resistances) are not included in this figure. The reason
is that in case of power channel, with a working frequency
of 85 kHz, the components resistances are negligible, so the
difference between the curves is imperceptible. The curves
obtained for the power channel in each of the configurations
are largely different. In the case of the SS configuration, the
curve shows an increasing trend until it reaches a maximum at
about 85 kHz, and then continues to decrease as the frequency
increases. The LCC configuration has the following three peaks:
one at about 55 kHz, one at about 85 kHz, and a final peak at
115 kHz.

of (a) SS compensation system; (b) LCC compensation system.

The SS configuration results in a 6.61 dB gain at 85 kHz,
while the LCC gain only reaches 4.95 dB.

B. Data Channel

The results of the data channel transfer function are shown in
Fig. 11. This figure shows that the error between theoretical and
experimental values is negligible. Moreover, both plots have the
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same trend, as well as experimental values, that is, the theoretical
curves fit the experimental ones. The plots also show that there
are no significant bandwidth differences in the 1 MHz frequency
range.

In the range close to 1 MHz, the behavior of both systems is
similar. In the case of the LCC compensation system, the gain
at the 1 MHz frequency is slightly higher than the SS system
(—20.5 dB compared to —22 dB, which is equivalent to 0.11
against 0.07 V/V).

The trend of the curves from about 500 kHz onwards is similar.
However, at lower frequencies, the LCC compensation system
has an increasing trend up to about 100 kHz, while the SS
compensation system has a decreasing trend, as shown in Fig. 11.

The same figure shows that the parasitic resistances of the
components must be considered in the analysis to achieve a
more accurate model.

In SS system, the ideal magnitude gain is 9.48 dB, while
in LCC system this value is 18.40 dB. The magnitude gain
error found between the ideal system and the real model with
parasitic components is 32.48 and 37.2 dB. As can be seen, this
difference between the two cases is very significant. For this
reason, an analytical study has been carried out to deduce, which
are the components that most contribute to this difference. This
study first analyzed the effect of the parasitic resistances of the
components of the power circuit (R¢; and Ry; for SS, and Rcy,
Rpi, RCy;, R p; for LCC). The results of this first analysis have
determined that these parasitic resistances mainly affect the kHz
frequency range, close to the resonance frequency of the power
circuit. Therefore, these elements do not have a direct effect on
the significant differences found in the MHz frequency order.
In a second analysis, the effect of the data circuit components
(Rirxi, Rirxe, Rirxi, and Rirx»2) has been studied. In this
case, it is found that the component that causes this difference
in gain between the ideal circuit and the real circuit is the
parasitic resistance of the data injection/extraction transformer.
To perform this study, an analysis of both compensation systems
has been carried out considering five different resistances values
of Rirx1, Rirx2, RLrx1, and Ry rx». These values range from the
ideal case, where the resistance values of the data transformers
are 0 §2, to the real case, with the values presented in Table II. The
result of this study confirms that as the value of these resistors
increases, the gain at a frequency close to 1 MHz decreases
considerably, thus justifying the significant differences found
in Fig. 11. The value of this Rjrx; and Rirx; depends on
many variables, such as core geometry, size, and material used.
It is recommended that this value be as low as possible at
1 MHz to maximize the maximum gain of the system at that
frequency.

The BW is also significantly affected, as in the ideal case
the values are reduced from 228967 to 6 kHz for SS and
from 224387 to 3.5 kHz for LCC. This difference in band-
width is due to the fact that for the ideal case, the curve
narrows considerably at its highest point. Considering that
bandwidth is calculated as the difference between the fre-
quency points that are 3 dB below the maximum value, the
narrowing of the curve causes the bandwidth value to reduce

sharply.
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Fig. 12.  SS forward and backward communication transfer functions.

As for the phase analysis, similar results have been observed
for both configurations in this frequency range demonstrating
through experimental tests the validity of the proposed theoret-
ical analysis.

It should be mentioned that the curves for the data channel
transfer functions have been compared with different solutions
described in the related work for SS [20], [21] and for LCC-
LCC [13], [22]. The results show that the trend of the curves is
similar for each topology, being the differences caused by the
particular values of the power circuit components. Therefore,
this analysis can be extrapolated to other systems with compo-
nents of different values.

To complete the previous analysis, it is carried out a compar-
ative study of the performance of the SS and LCC topologies
depending on the direction of data transmission.

It is of interest to verify if there is any change in this transfer
function if the data transmission is in the opposite direction.
It must be highlighted that the backward data transmission is
commonly used in control techniques as V2G services, where the
communication is necessary from the secondary to the primary
circuit. To do this analysis, two different cases are studied. In
the first case, it is considered the isolated data channel with a
single voltage source. In the second case, the simultaneity of
two voltage sources (for power and data transmission) will be
considered in the calculation and comparison of the transfer
function.

After performing these two analyzes, it is found that in the
case of the isolated data channel, the transfer function remains
constant regardless of the direction of data transmission. This is
fulfilled for both the SS and the LCC compensation system.

However, the analysis conducted for the two simultaneous
sources gives different results, as can be seen in Figs. 12 and 13.
In SS compensation system, it can be observed that in backward
transmission the values of the gain are higher over the entire
frequency range. At frequencies close to 1 MHz, the difference
is up to 5.7 dB, while at the 85 kHz power frequency this
difference is 8.17 dB, with an increasing trend of this variation as
the frequency decreases. Similarly, the phase also shows varia-
tions, which are more significant at frequencies below 100 kHz.
In the case of LCC, variations are only found in the power
frequency range with variations up to 8.66 dB, however, for
frequencies close to data transmission (1 MHz) the differences
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Fig. 13. LCC forward and backward communication transfer functions.

do not exceed 0.2 dB. Therefore, the SS compensation system
shows an asymmetric performance when the direction of data
transmission changes, while the LCC remains constant in that
frequency range.

V. MISALIGNMENT ANALYSIS

The transmitting and the receiving coils are often not perfectly
aligned in a practical charging process of an EV.

According to the SAE J2954 standard, the used system com-
plies with the WPT2/Z1 configuration as the gap between the
primary and secondary coil is established at 105 mm. To test the
performance of the system, three different types of conditions
are established: vertical, horizontal, and angular variations, as
shown in Fig. 14. For the vertical variation (Z-axis), a maximum
distance of 60 mm from the original position is established,
since, in accordance with SAE J2954, this maximum variation
is specified by the manufacturer. On the other hand, a maximum
80 mm distance along the Y -axis is considered, so that is com-
pliant with the limits established by the standards (£100 mm).
Finally, a maximum deviation of 10° has been considered for
the angular variation.

The trend of transfer function curves in misalignment condi-
tions, with the experimental validation, is shown in Fig. 15. The
model used for these curves is the real model (with parasitic
resistances), so that it is comparable with the experimental
results measured in the laboratory.

The results of the misalignment study are shown in Table IV,
where the theoretical and experimental values are compared. The
variation of the coupling coefficient in that range does not make a
significant difference in bandwidth for both the configurations.
In the SS system, a maximum 5.061 kHz variation occurs in
the bandwidth for the vertical axis, while for the horizontal and
angular cases, the maximum variations are 1.799 and 3.668 kHz,
respectively. The LCC configuration results in lower differences
as follows: a maximum 2.476 kHz variation for Z-axis and
0.990 kHz and 1.288 kHz for horizontal and angular misalign-
ment, respectively, have been measured. These results show that:
a) the most significant differences in both configurations are in
the case of Z-axis misalignment; b) the SS system has twice the
value found in LCC system. The most relevant gain variations
are also found in the vertical misalignment for both SS and LCC,
with a gain drop of —6.6 dB (equivalent to —0.46 V/V). Finally,
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TABLE IV
THEORETICAL VERSUS EXPERIMENTAL RESULTS WITH MISALIGNMENT

Misalignment ~ Condition k BWtheo (kHz)  BWexp (kHz)
105 mm 0.26 228.97 228.00
Vertical 135 mm 0.20 226.08 222.00
165 mm 0.16 22391 217.00
0 mm 0.26 228.97 228.00
SS Horizontal 4 mm 0.26 228.41 225.00
8 mm 0.25 227.17 222.00
0° 0.26 228.97 228.00
Angular 6° 0.24 227.33 227.00
10° 0.21 225.23 224.00
105 mm 0.26 224.39 226.00
Vertical 135 mm 0.20 223.01 225.00
165 mm 0.16 22191 223.00
0 mm 0.26 224.39 226.00
Lcc Horizontal 4 mm 0.26 224.19 223.00
8 mm 0.25 223.40 221.00
0° 0.26 226.39 226.00
Angular 6° 0.24 223.44 221.00
10° 0.21 223.09 219.00

this study shows that the phase remains practically unchanged
in both configurations.

VI. INTERFERENCE ANALYSIS

An analysis of the effect of power channel in data transmis-
sion, and vice-versa, is performed in this section. First, it is
necessary to compute the effect that the coexistence of the two
voltage sources have on the system. To do so, the final value of
the output voltage must be computed.

In the calculation of an electrical circuit with two independent
voltage sources, superposition principle is applied. The output
voltage can be expressed as Vour = Vourr + Vourz, being Voue
and Voo the output voltages when considering only one of the
voltage sources activated. Thus, these terms can be related to
the input voltages as Vour = GpowerVin and Vouz = Gaaa Vsignals
being V}, the input voltage of the power source, and Vjigna the
input voltage of the data source, following the nomenclature
used throughout this article. The values of Gpower and Glyaia are
the transfer functions of both single-input single-output (SISO)
systems. Thus, the relation between both transfer functions and
the output voltage is

Vout = Gpower‘/in + Gdata‘/;ignal- (42)

The SISO transfer functions of the isolated power and data
channels are those indicated in Section III, achieving as a result
(11) and (22) for SS, and (32) and (41) for LCC. It should be
noted that both in SS and LCC, the power transfer function
is calculated over R,.. However, to analyze the effect of the
simultaneity of both voltage sources, these transfer functions
should be computed over the equivalent impedance of data
transformer Zser. Thus, the new values for the power channel
transfer functions for both topologies are

JwM Zgres
Z\Zy + (wM)?
Béthfref
— B2 + erB? + ard? + ayn? — ayer’

(43)

Gpower ass

(44)

GYPOWer dLcc T

Finally, by substituting in (42) G)power by the new power transfer
functions calculated, as well as replacing Ggu, by the data
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This final equation allows us to estimate the effect of both voltage
sources in the circuit. It should be mentioned that in case of
GpowerVin term, Giss and G cc should be also considered, as
the gain calculation is performed over the output resistor of the
receiver transformer (R), so this final stage transfer function is
needed.

In order to analyze the interference between the data and the
power transmission signals, an analysis of the SNR variable will
be carried out in this section. For this purpose, simultaneous
transmission of power and data has been carried out, as shown
in Fig. 16. In this figure, VL1 is the voltage measured in the
primary inductor (L) and VRX is the voltage measured in the
primary side of the reception data transformer (7gx).

The expression used for SNR calculation is SNR =
2010g10(%), where Viigna and Viise are the voltage value
of the data signal and the voltage value of the power signal,
respectively. Both values have been measured in the output
resistor (R,) of the data circuit.

Furthermore, it is interesting to include an analysis of the
channel capacity for each topology. Following the Shannon—
Hartley theorem, the value of the channel capacity is given by

C = Blog,(1 + %), being B the bandwidth of data commu-
nication in Hz.

e

AN
plﬁiento

CH3 10.0Y 30-Mar-22 15:14 <10Hz

Fig. 16.  Simultaneous transmission of power and data-waveforms.

The SNR and capacity analyzes are carried out for different
input voltage values of the power signal (from 10 to 60 V), as well
as for each of the misalignment distances presented in Section V.
In Table V, the results obtained for the case Vi, = 60 V, as an
example, are shown.

From Fig. 17, it can be deduced that, for both topologies, the
SNR value decreases as the input voltage value of the power
signal increases. However, although this behavior is common
to both topologies, it can be observed that the SS system has
higher SNR and capacity values than the LCC system. The
reason for this difference lies in the performance of the circuit
in the presence of two simultaneous voltage sources (data and
power transmission source). In the SS compensation system, the
coexistence of two simultaneous sources results in an increase
of the gain in the transfer function of the system over its entire
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TABLE V
SNR AND CAPACITY ANALYSIS IN MISALIGNMENT CONDITIONS FOR Viy =
60V
SS LCC
BW (Hz) Capacity (bits/s) BW (Hz)  Capacity (bits/s)
d=105 mm 224822 132 629.99 221071 36394.87
Vertical d =135 mm 222398 126 546.10 220117 30124.18
d=165mm 221681 124242.98 218655 25212.26
d=0mm 224822 132629.99 221071 36394.87
Horizontal =40 mm 224269 131407.32 220148 35001.58
d=80 mm 223657 129 567.62 219915 34008.98
deg=0° 224822 132629.99 221071 36394.87
Angular deg=6° 223493 127 641.72 219917 31172.55
deg=10° 222506 126 595.51 219350 29822.00
x10*
25 T 14
—6—SS-SNR
207 —+—LCC-SNR -
150 —©—SS-Capacity
~—+#— LCC-Capacity
o 2
= F]
7} o
8
-25 0
10 20 30 40 50 60
Vin (V)
Fig. 17.  SNR and Capacity comparison SS and LCC topologies.

frequency range. In contrast, in the LCC topology, this gain
increase is only observed at frequencies close to the kHz range.
Therefore, in LCC compensation, the gain increases for the
frequency of the power signal, while it remains constant for
the data signal.

This performance leads to two main conclusions. The first
one is that in this type of SWPDT circuits, SS compensation
has better results in terms of SNR, since with the simultaneity
of the two voltage sources, the gain increases for all frequen-
cies. However, this first conclusion allows us to draw a second
deduction, which is the fact that the LCC topology has no
variation depending on the direction of data transmission. In
the LCC transfer function of the circuit with two simultaneous
sources, the curve remains unchanged at frequencies of the
order of MHz. This means that this system is invariable when
new inputs are added to the circuit. Having a consistent and
invariable data transmission system can result in more robust
and reliable communication during the charging process. In
addition, this advantage can be useful for systems where there is
a bidirectional communication between primary and secondary
circuit, but this communication is performed in different time
slots (half-duplex). In this case, the data carrier signal can be
the same for both directions. The invariability of LCC topology
can lead to the implementation of the same data circuit both for
forward and backward communication.

VII. CONCLUSION

In this article, a theoretical and experimental study of both
SS and LCC-LCC configurations, which are the most widely
used in SWPDT systems, has been conducted. Experimental
tests validated the proposed theoretical derivations, which have
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been developed by considering all the parasitic resistances of the
components constituting the systems. The analysis developed in
this article has demonstrated the importance of considering all
these parasitic resistances, since they have a direct effect on
the data channel. In the experimental validations, the efficiency
values obtained are higher than 90 % in both cases.

In addition, a theoretical analysis of the system under different
misalignment conditions has been carried out. The conditions
have been defined according to the SAE J2954. The two config-
uration power channel transfer functions greatly differ in both
magnitude and phase. For the data channel, both the phase
and magnitude differences are less significant, especially at
frequencies around 1 MHz. From the misalignment analysis,
it is concluded that the bandwidth variation does not have a
significant difference in both SS or LCC. The higher variation
occurs in SS compensation system, for vertical misalignment,
with a variation of 5.061 kHz between 105 and 165 mm. For
the LCC configuration, the most remarkable value has also been
found in the Z-axis with a value of 2.476 kHz, however, the BW
differences correspond to approximately half of the SS value.
In terms of gain and phase, no significant variations can be
highlighted between both configurations.

With respect to the SNR analysis, it can be concluded that both
the SS and LCC configurations show a decreasing trend as the
input voltage of the power signal increases. The SS configuration
shows higher values of SNR than the LCC configuration. This is
due to the transfer functions of both circuits when considering
two simultaneous sources. In the case of SS, the inclusion of the
source for power transmission means an increase in gain over the
whole frequency range, while for LCC this increase only occurs
in the range close to the power frequency. This makes the data
circuit in the LCC configuration invariable to new inputs in the
circuit, as it remains unchanged.

Finally, it is noteworthy that the performance of the circuit
in backward data transmission is different in each topology. In
SS compensation, backward transmission results in a curve with
higher gain for all frequencies. On the other hand, the LCC circuit
keeps the gain curve unchanged for the backward transmission
case. From this, it can be concluded that although the gain is
higher in SS topology, the LCC configuration is more suitable
for a symmetrical design of the SWPDT system.
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