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A Comparative Study of Power Supply Architectures
in Wireless EV Charging Systems
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Abstract—This paper examines two of the primary power supply
architectures being predominantly used for wireless electric vehicle
(EV) charging, namely the series LC (SLC) resonant and the hy-
brid series—parallel (LCL) resonant full-bridge inverter topologies.
The study of both of these topologies is presented in the context
of designing a 3-kW primary-side controlled stationary wireless
EV charger with nominal operating parameters of 30-kHz center
frequency, a range of coupling in the neighborhood of 0.18-0.26,
and a parallel secondary pick-up with partial series coil compensa-
tion. A comparison of both architectures is made in terms of their
design methodology, physical size, cost, complexity, and efficiency.
It is found that the SLC architecture is 2.45% less costly than the
LCL topology. On the other hand, it is observed that the LCL archi-
tecture achieves almost 10% higher peak efficiency at rated load
and minimum coupling. The study also showed that the SLC topol-
ogy suffers from poor light load efficiency, while the LCL topology
maintains very high efficiency over its full range of coupling and
loading. The study also revealed that the capacitor voltage stress
is significantly higher in the SLC topology. Finally, it is also shown
that the control complexity of the SLC architecture is higher than
that of the LCL architecture because of its sensitivity to changes in
the reflected secondary impedance, which result in loss of constant
current source and ZVS operation unless a suitable combination
of parameters are modulated by the closed-loop controller.

Index Terms—Inductive power transfer (IPT), LCL power sup-
ply, resonant inverter, SL.C power supply, wireless EV charging.

NOMENCLATURE
Ry Load resistance.
Req Equivalent load resistance through rectifier in a
continuous-conduction mode.
P Power.
Prax Maximum power.
Ly Primary pad inductance.
Ly Secondary pad inductance.
M Coupled-pad mutual inductance.
k Magnetic coupling coefficient.
Co Secondary resonant tuning capacitor.
Cgo Secondary coil partial series tuning capacitor.
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Primary coil partial series tuning capacitor for
LCL topology.

Primary resonant tuning capacitor.

HF transformer dc-blocking capacitor.
Equivalent secondary inductance when partial
series compensation is used.

Equivalent primary inductance when partial se-
ries compensation is used.

Operating angular frequency.

Resonant angular frequency.

Utility input voltage.

Fundamental of inverter voltage.

Reflected secondary impedance.

Reflected secondary resistance.

Reflected secondary capacitance.

Overall tunned secondary quality factor.
Secondary voltage boost quality factor.
Secondary current boost quality factor.
Unloaded magnetic pad quality factor.

Primary current.

Inverter bridge current.

LCL parallel capacitor current.

Secondary current.

Secondary parallel capacitor current.
Secondary short-circuit current.

Load current.

LCL bridge inductor voltage.

LCL parallel capacitor voltage or SLC series
capacitor voltage.

LCL partial series tuning capacitor voltage.
Primary coil voltage.

Secondary coil voltage.

Partial series tuning capacitor voltage.
Secondary parallel capacitor voltage. V7 20c
Secondary coil open-circuit voltage.

Effective reactance of primary coil with partial
series compensation.

Phase-shift time delay between inverter legs A
and B.

Dead time between series bridge semiconduc-
tors.

Time duration of semiconductor conduction
interval.

Time duration of
conduction interval.
Switching time period.
Isolation transformer number of primary turns.
Isolation transformer number of secondary
turns.

semiconductor non-
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I. INTRODUCTION

IRELESS inductive power transfer (IPT)—also known

more generally as wireless power transfer—is an emerg-
ing technology that uses time-varying magnetic fields to trans-
fer power over large air gaps to energize or charge one or more
electrical loads with high efficiency. This novel and disruptive
technology has been quietly maturing in research labs over the
past two decades and is now poised to redefine the way electrical
power is consumed by society at large.

To date, IPT has been successfully adopted in clean rooms and
industrial manufacturing floors for powering automated guided
vehicles that are constrained to travel over a track and can require
multikilowatt levels of power to operate [1]-[5]. It has also been
used to transfer small amounts of power over small air gaps for
charging of portable consumer electronics, such as cell phones,
tablets, and electric tooth brushes [6]-[9].

More recently though, the application of this technology for
static and in-motion charging of electrified transportation, such
as electric vehicles, buses, and train systems over larger air
gaps and misalignment has seen an explosion in research and
development in academia and private industry [10]-[27]. The
adoption of wireless EV charging is viewed by many as a viable
mechanism for extending the range of EVs and reducing the high
cost associated with their large battery packs [14], [28]-[30].
With an interoperability industry standard (SAEJ2954) well in
progress toward completion by 2015, wireless charging of EVs
has gone from being merely an obscure and exotic technology
to a tangible and appealing reality [31]-[33].

The successful deployment and mass adoption of wireless EV
charging depends greatly on achieving high end-to-end system
efficiency (85-90%) so as to be on par with existing conductive
charging technologies. This requirement means that all sub-
systems in the cascade must have efficiencies in the order of
96-97% [34]. A critical subsystem to the overall efficiency is
the primary power supply [22].

A survey of the literature reveals that two primary-side power
supply architectures are predominantly being used for wireless
EV charging systems, namely the series LC (SLC) resonant
and the hybrid series—parallel resonant (LCL) topologies [13],
[14], [17]-[23], [35]-[44]. The published works on these two
topologies offer excellent insights into the fundamental opera-
tion, desirable features, and limitations of each for the applica-
tion at hand, but because of differences in the system operat-
ing frequency, secondary side topology, control scheme, range
of coupling and loading, as well as the use of different dis-
crete components in the physical implementation of common
subsystems, a true performance comparison of the two archi-
tectures cannot be made. The importance and practical value of
being able to compare the performance of the aforesaid architec-
tures is discernible from the fact that one of the key objectives
of the J2954 task force is the recommendation of a standard
primary power supply topology [32]. In view of the forego-
ing, this paper has as its goal the completion of a comparative
study of the SLC and LCL power supplies under identical op-
erating conditions typical in stationary wireless EV charging
applications.
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The remainder of the paper is organized as follows. Section
II presents an overview of the typical wireless EV charger and
associated theoretical concepts. Section III outlines the design
and characterization of the magnetic pads used for the physi-
cal implementation completed in this study. Section IV presents
an overview of the fundamental operation, desirable features,
limitations, and design strategy of each of the two architectures
being compared. Section V reviews the overall strategy adopted
in the design of the complete wireless charging system used in
the comparison. Section VI presents the results of the compara-
tive study, and, finally, Section VII recaps the key outcomes of
the comparison.

II. WIRELESS EV CHARGER OVERVIEW

As shown in Fig. 1, a typical inductive EV charging system
is made up of two electrically isolated entities known as the
primary and the secondary sides. The primary side can be further
partitioned into the following subsystems.

1) Utility Input: Low-frequency energy source, which could

be single phase as in Fig. 1 or three phase.

2) AC/DC: Power conditioner that in addition to converting
the utility input to aregulated dc voltage, carries out power
factor correction, and serves as one of the control mech-
anisms for regulating the power flow of the entire system
by modulating the dc input voltage [23], [34].

3) DC/AC: Voltage fed full-bridge switching network that
efficiently converts the incoming dc energy to high-
frequency (HF) energy. It produces a HF square wave
with fundamental component equal to the chosen oper-
ating frequency. Usually the bridge semiconductors are
switched in accord with the phase-shift (PS) scheme il-
lustrated in Fig. 1, allowing for power flow regulation
through modulation of the PS delay time tpg between
each leg of the inverter. The semiconductors used in the
implementation of this paper are MOSFETs, accordingly,
the parallel capacitors and diodes across each switch in
Fig. 1 are the parasitic elements of each device [13], [17],
[23], [36], [39], [40].

4) Isolation: HF transformer required for compliance with
regulatory safety standards. This stage could be imple-
mented with a step-up or step-down transformer depend-
ing on the energy-coupling network (ECN) topology be-
ing used. The capacitor C'p is a dc-blocking capacitor
that prevents transformer saturation and depending on the
power supply topology may also be used to adjust the
effective inductance of the transformer to some desired
amount which is then used as one of the energy storage
elements in the next stage [34], [36], [37], [45].

5) Matching: A network of very low-loss (high Q) energy
storage elements used to efficiently inject the HF en-
ergy to the next stage and by extension lower the volt—
ampere (VA) rating of the power supply. This stage is also
commonly referred to as an impedance matching network
(IMN), a resonant tank, bandpass filter, or a compensa-
tion network depending on the feature being highlighted
in [11], [21], [46], and [23].
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In the literature, the first five blocks are commonly lumped
together and referred to as the IPT power supply [47], [48].

Across a large and variable air gap, the secondary side can
be similarly subdivided into an interconnection of the following
subsystems.

1)

Matching: Another network of energy storage elements
that serves the same purpose as the one on the primary
side. Though a number of different topologies are possi-
ble, [11], [12], [49], a parallel resonant arrangement with
partial series compensation was chosen for this study be-
cause it is a commonly used topology for EV charging due
of its constant current source characteristics [11], [20],
[23], [49]. The addition of a capacitor in series with an
inductor and deliberate operation above resonance so as
to reduce or trim the overall inductive reactance to some
smaller value is called partial series compensation. Partial
series compensation is often used in IPT systems with par-
allel resonant topologies so as to trim the primary and/or
secondary coil self-inductance to some lower value that is
then resonated with a parallel capacitor [50], [51]. Capac-
itor C's in Fig. 1 is used for partial series compensation
of the secondary coil. In a practical design, the use of

2)

partial series compensation on the secondary coil may
serve one or both of the following purposes: 1) reducing
the VA rating of the components connected to the resonant
tank, and/or 2) boosting the current out of the secondary
coil, thereby enhancing its power delivery capabilities.
The later function is often carried out during the physical
implementation’s fine-tuning stage, where there is often a
need to increase I, to achieve the design’s target power
level, but the pick-up coil’s magnetic characteristics have
already been largely fixed by its construction. It is rele-
vant to note that for the parallel secondary topology, the
maximum load current that may be delivered without the
use of partial series compensation occurs when the pick-
up is perfectly tuned and is equal to ., where I is the
short-circuit current that would flow in the secondary coil
if it were shorted, while coupled to the primary.

AC/DC: A HF rectifier with an output LC filter that pro-
vides the dc power to the vehicle battery. While other
alternative ac/dc power conversion schemes can be im-
plemented on the secondary side so as to actively shape
the power flow, the simple HF rectifier with LC filter was
chosen for this study because it results in a reduced cost
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and complexity on vehicle side system integration [19],
[20].

Common to both primary and secondary is the magnetic cou-
pling stage. On the primary side, an inductive structure, com-
monly referred to as a magnetic pad or coupler, generates the ac
magnetic flux that couples power to the secondary. Conversely,
on the secondary side, another inductive structure, commonly
referred to as a pick-up, captures a fraction of the primary flux.
The size and geometry of the two coils may be identical or com-
pletely different. Like the primary- and secondary-side IMNs,
this stage is also designed so as to have the highest possible
unloaded quality factor, which generally means the use of a
stranded Litz conductor, with the total number of strands and
gauge of each strand sized so as to minimize the ac loss at the
operating frequency [10], [42].

As highlighted in the magnetic coupling stage of Fig. 1, the
mutual inductance and the primary and secondary coil self-
inductances vary as a function of position, this fact plays an
important role in the design of the power supply [1], [23], [52].

Fig. 1 also shows the wireless communication feedback mech-
anism used to close the control loop in order to actively regulate
the power flow due to positional changes between the source
and sink coils and/or changes in loading [21], [23].

With respect to Fig. 1 provided that the output inductor L,
is large enough to ensure continuous conduction of the recti-
fier diodes over the system’s full range of operation, then the
following relation holds true [23]

Ry,

Ry = 2L (1)

As illustrated by the ac equivalent circuit in Fig. 1, at steady
state, the entire system may be greatly simplified for analysis
and design by replacing the primary-side power electronics with
a sinusoidal voltage source vg and reflecting the secondary side
to the primary, which results in a reflected impedance Z, in
series with the primary coil.

The simplified input voltage may be expressed as

vg = Vg X sin(27 fyt). 2)

The RMS amplitude of vg is related to the FB’s dC-bus input
voltage Vpc, the operating frequency w, and the PS control
delay tpg, as follows:

22V . (wo X tPs)
Vs = sin 5 .
T

3)

The reduction of the primary-side power electronics to a sinu-
soidal voltage source is commonly referred to as fundamental-
mode analysis (FMA). The application of FMA to power elec-
tronic converters, and in particular to IPT systems, is a very
well-established practice in the literature and is possible be-
cause the resonant networks that are connected to the output
of the FB have significant filtering capability, which effectively
reject all harmonics with the exception of the fundamental com-
ponent of the HF square-wave inverter output [13], [23], [48],
[53], [54].

The second simplification may be achieved by the application
of standard circuit analysis techniques at the secondary followed
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by the application of the mutual inductance circuit model to
reflect the secondary to the primary [11], [46], [55].

When a parallel secondary is reflected to the primary, it
presents an impedance Z, to the primary power supply. For
a given frequency, the real and imaginary parts of Z, are both
functions of the variable mutual inductance M and the load R.,.
The variability in M results from changes in alignment between
the coils, while the variability of the load is due to changes in the
battery’s voltage and current profiles as it charges. Moreover,
the imaginary part of Z, is capacitive in nature [1], [56].

The reflected impedance seen at the primary can be shown as

1

Z,= R, (M,R,,) —j wC, (M, Req) @
R, (M, Ry) = Dea @M (0" Locq — (0" Colaeq — 1)
+ (M, Req R2 (w?CyLaeq — 1) 4 (wLoeq)?
(5
-1
Cr (M7 Req) = W4M2 [CQqu(wQCQLQeq — 1) + LQeq}
qu (W202L29q - 1)2 + (wL2eq)2
(6)

where Lo, is the equivalent secondary coil’s inductance after
application of partial series compensation
1 o wQLQ C S92 — 1
w? C S92 B w? C S92 ’
The power that is, thus, delivered by the RMS primary current
to the reflected load is given by
P = Re{l{Z,}
Req (WM I1)*[w? Cy Lyeq — (w? Co Laeq — 1)]

pr— . 8
RE (w?CyLaeq — 1)? + (wlaeq)? ®

Loeq = Lo ©

If the system is operated at or close to the secondary’s resonant
frequency

1
AV LQCqCQ

the term w? Lo Cy will be equal or very close to one. When
this happens (4) and (8) become

(C))

Wy =

woM?Qy,  woM?

Z, = — 10
L?eq J L2eq ( )
MI$1)*Qa,

p— ML) @y (1)

L2eq

where (9, is known as the voltage boost quality factor, and is
defined as

Req
WLQeq

Q2y = (12)

As can be discerned from (10), and as is depicted in the
simplified ac equivalent circuit of Fig. 1, when the system is
operated at resonance, the dependence of the reflected capactive
reactance on the load is eliminated. Equation (11) is conven-
tionally known as the IPT power equation, and it is deemed by
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many authors as the starting point for the design of a resonant
IPT system [1], [4], [23]. In theory, the minimum RMS primary
current required to transfer a desired maximum amount of power
Pax, when the system is operated at resonance is equal to

I — RnaxLQeq
L=\ TamAa
wo M?>Q2,

The application of partial series compensation to the sec-
ondary coil results in three different quality factors [23], [50],
[51]. The first one ()5, is the conventional loaded quality factor
of the standard parallel RLC network. The second quality factor
that may be defined is known as the current boost quality factor:

I

QQ’L IS(: .

(Q2; is used to quantify the increase in I from its uncom-
pensated value, I, to its compensated value, QQo; X Is.. The
amount of partial series compensation that may be carried out
as quantified by ()9; has been reported as being limited to less
than 3 because of the added sensitivity to the overall resonance
tuning of the secondary (i.e., due to component aging), as well
as because of saturation of the pick-up coil ferrite that results
from the increased flux density [50], [51].

The third quality factor that may be defined is the secondary’s
overall quality factor, which takes into account the effect of both
(Q2; and (), ; this later quality factor is defined as

Qor = Qap X Q2.

For practical designs, (9, is limited to being less than 10 [4],
[47], and for most high-power EV charging systems it is less
than 6. This limitation in the overall secondary Q is due to the
challenges that arise in controlling the system because of the
narrower bandwidth at higher values of ()2;. Another factor that
dictates the limit imposed on ()o; is the need to maintain the
secondary’s VA ratings within the limits prescribed by governing
safety standards such as UL [1], [23], [52].

With the aforesaid definitions in mind, Ls., may also be
expressed in terms of the three quality factors that result from
the application of partial series compensation as

Req Req QQi

Loeq = = .
o WQQU wQZt

13)

(14)

5)

(16)

III. MAGNETIC PAD DESIGN AND CHARACTERIZATION

The first step in the design of an IPT system is the selection
of a suitable inductive structure geometry from a number of
available choices [4], [11], [12]. Once a geometry that best suits
the target application has been selected, a thorough FEA-based
EM optimization of the design is undertaken prior to fabricating
it. The goals of the FEA optimization are [51], [52], [57]-[61]:

1) achieving the highest possible values of mutual inductance

and magnetic coupling over the system’s target range of
positional operation;

2) reducing the design’s physical size and material cost as

much as possible without compromising its power transfer
capabilities;

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 11, NOVEMBER 2015

TABLE I
NOMINAL MAGNETIC PAD ATTRIBUTES

Attribute Name Value/Dimension/Material

Inductance (L avg) 170.51 pH
Quality Factor (Q,, ) 535.67
AC Resistance (Ra¢) 60 mQ2
Power Loss (Ploss) 94.61 W

Number of Turns (N) 22

Outer Diameter (0.D.) 482.6 mm
Inner Diameter (I.D.) 101.6 mm
Pitch (p) 3 mm
Conductor Diameter (d) 5.84 mm
Ferrite Length (F'r.) 200 mm
Ferrite Width/Height (Fyy , F'y ) 25 mm
Ferrite Excess Length (Fp ) 26.58 mm
Aluminum Shield Thickness (7) 6.5 mm
Former Dimensions (L, T) 540, 20 mm

Litz Conductor Type II (16AWG 4 x5X24/36)
Ferrite Material Ferroxcube 3C94
No. of Ferrite Spokes 12

3) achieving self-inductance values that will ensure coil volt-
age levels that are within established UL safety regula-
tions;

4) ensuring regulatory compliance with established field
emission standards (ICNIRP);

5) having a complete understanding of how all key mag-
netic attributes vary over the system’s range of positional
operation so as to properly design the primary and sec-
ondary power electronics in terms of component ratings
and closed-loop control.

Because the focus of this paper was the design of the primary-
side power electronics, the approach taken in the design of the
magnetic pads was to forgo the initial FEA optimization process
and instead construct the pads so as to replicate some of the
better designs showcased in the literature, to this end, a circular
Archimedean coil geometry was chosen [52], [S7], [58]. Despite
having lower coupling than other similarly sized coil geometries
over identical air gaps and misalignment, for static EV charging
applications, the circular geometry is still the most widely used
[10].

The coils were designed so as to have known initial self-
inductances of 125 pH with the aid Wheeler’s formula for air-
core Archimedean coils [62]. This initial value served only as a
baseline, as it would later increase due to the addition of ferrite
spokes. To act as a shield and enhance the mechanical attributes
of the design, an aluminum backplane was added behind the
ferrite spokes, effectively sandwiching the spokes between the
polycarbonate coil former and the aluminum backplane [52].

The nominal attributes of the coils built are listed in Table 1.
All physical dimensions are defined in Fig. 2(a). The ac power
loss of the pad as a result of skin effect is defined by (17), where
I and V are the nominal operating primary and secondary pad
voltage and current at rated power, and @, is the coil’s unloaded
quality factor defined with respect to its ac resistance at the target
operating frequency

Lvi+ LV,

-Ploss = Q
u

A7)
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Mechanical features and measured coupled magnetic pad attributes at a 16-cm vertical offset: (a) Magnetic pad construction; (b) coupling coefficient,

mutual inductance, short- and open-circuit self-inductance; (c) expanded view of mutual- and self-inductances.

Once the coils were built their magnetic attributes were ex-
perimentally measured and used to carry out the design of
the primary- and secondary-side power electronics. For precise
measurement of the pads’ coupled self- and mutual-inductances,
as well as coupling coefficient over their range of positional op-
eration, the test bench shown in Fig. 4(c) was built. To measure
M and k, the coupled pad’s were energized with a known pri-
mary current by means of an inverter with a series resonant ca-
pacitor. The required measurements were taken, while the pads
were misaligned in the vertical and/or horizontal directions in
small steps.

The coupled-coil self-inductances were measured at each
point along the horizontal offset trajectory with an LCR me-
ter. The mutual inductance was obtained by measuring the sec-
ondary’s open-circuit voltage V7 2, and the primary’s current [ .
The coupling coefficient was obtained by two separate methods.
The first method applied was the measurement of the primary-
coil voltage V7,1 and V7 94 SO as to use the voltage transfer ratio
V520¢/ Vi1 as ameasure of k [39]. The second method used was
the use of the conventional ac circuit definition of &k given as the
ratio of M and the square root of the product of the coupled self-
inductances. Both methods produced very similar results. Fig. 2
shows the pads measured magnetic attributes over a range of
axial misalignment spanning 64 cm for a coil-to-coil separation
distance of 16 cm. Fig. 2(b) shows all pad attributes together,
while Fig. 2(c) shows an expanded view of the mutual and self-
inductances only. As can be seen, the coupled self-inductances
were measured for two different conditions: 1) a shorted sec-
ondary pad (L), and 2) an open secondary pad (L,.). The
measurements are taken with the LCR meter on one pad, while
the other one coupled to it has its terminals either shorted or
opened. Consideration of these two cases is necessary because
depending on the resonant topology chosen for the primary and
secondary matching networks, the self-inductance may behave
differently. For example, for the parallel resonant topology, the
pad’s self-inductance varies according to the short-circuit mea-
surement profile, while for the series resonant topology, the
inductance varies according to the open-circuit measurement
profile [45]. The plots of mutual inductance and coupling ver-

ify the existence of a fixed characteristic null in the magnetic
profile of circular coils [52]. Another noteworthy observation
is that Ly, and L, both converge to a common value as the
pads are decoupled, with the convergence starting around the
characteristic null point. As already noted, the operating range
of coupling is a crucial design variable that must be known in
order to properly design the power supply, this in fact is one of
they key items that will be standardized by the J2954 task force
for interoperability [33]. Fig. 2 shows the operating range of
coupling being considered for this comparative study, namely
the region to the left of the vertical dashed line inclusive. This
range corresponds to a maximum axial misalignment distance
of 12 cm, which translates to a coupling coefficient in the neigh-
borhood of 0.18-0.25.

IV. POWER SUPPLY ARCHITECTURES
A. SLC Resonant Power Supply

Fig. 3(a) shows the simplified equivalent circuit of the SLC
power supply with all energy storage elements assumed to be
lossless [45]. As can be seen, the ECN of the SLC architecture
is made up of a single capacitor in series with the primary coil

LQeq
C, = 18
' W2 [Lat Loeq — M?] (18)
LAl = Ll - Lleq- (19)

The value of the tuning capacitor C is sized according to (18)
so that when the system is operated at its target frequency, the
resulting equivalent primary inductance Li.q seen by the FB is
about 10% of L; [14]. This partial series compensation scheme
is equivalent to choosing C} so as to fully resonate with L; at
fo= ﬁ, and then, operating the system at a frequency
14 = 1.05 x fo [63].

The reason why the SLC power supply is operated slightly
(5%) above perfect resonance is that this allows for the reduc-
tion of switching power losses in the FB semiconductors by
means of the circulating inductive energy associated with the
residual inductance L., positioning zero voltage across the
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semiconductors in each leg of the FB just before turn-on. This
placement of zero voltage across the switches reduces the in-
stantaneous turn-on loss that is normally associated with the
finite period of time during which the drain-to-source voltage
Vbs of the nonideal switch is decreasing, while its drain current
Ip is rising. This mode of operation is commonly known as
zero voltage switching (ZVS), and the specific mechanism used
to reduce Vpg to zero is the complete discharge of the parasitic
drain-to-source capacitance of the switch C'hg by means of cur-
rent flowing through L. and the free-wheeling body diode of
the MOSFET during the dead-time, ¢, that occurs between the
turn-off and turn-on of series switches.

The sizing of C'y, also takes into account the nominal value of
C, (M) at the system’s target operating frequency and coupling
point; accordingly, C is chosen so that the equivalent capac-
itance resulting from the combination of C,. (M) and C; will
yield the desired ZVS mode of operation previously described.
If the system deviates significantly away from its nominal op-
erating range of coupling, then the resulting variation in the
equivalent series tuning capacitance and the nonlinear change
in L, described in Section III will take the FB out of the de-
sired ZVS mode and the power losses will increase significantly
[40]. To prevent the foregoing situation and a potential failure
of the semiconductors, the system’s switching frequency must
be adjusted so as to always maintain ZVS operation. As dis-
cussed in [64], the frequency control scheme cannot rely on an
autonomous phase-locked loop-based approach due to bifurca-
tions that are inherent in the system because of its high order.
Instead, a few discrete points in the frequency spectrum around
the nominal operating frequency are selected and used to ensure
the desired ZVS operating mode. The SLC architecture is at-
tractive primarily because of its very simple matching network,
consisting of only a single capacitor, which tends to result in a
reduced physical implementation cost and complexity. Despite
its reduced component count, the need to dynamically vary the
switching frequency of the SLC topology adds to the complexity
of the closed-loop controller design. In addition, the effective
impedance seen by the FB is very sensitive to changes in both
coupling and loading, which further increases the complexity
of the controller. The foregoing sensitivity can also result in a
very large current stress on the bridge semiconductors when the
coupling of the magnetic pads decreases significantly beyond
its intended operating range [39], [65].
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Simplified ac equivalent circuit of primary power supply architectures being compared: (a) SLC architecture, and (b) LCL architecture.

When C} is chosen according to the previously described
procedure, the value of the primary current is given as follows:

_ Vs _ 2v2Vhe sin (wu X tPS)
|R’r' +jw0L1eq‘ W‘Rr +ijLleq‘ 2

I

(20)
using (20) along with (13) the design of the SLC topology can
be finalized by determining either the required dc-bus voltage
Vb or the required HF isolation transformer turns ratio needed
to achieve the target ;. Selection of Vp¢ assumes that the dc-
bus voltage can be controlled at will, such as would be the case
if the system had an intermediate buck or boost converter stage
between the utility input and the FB. On the other hand, selection
of a suitable HF transformer turns ratio assumes that the dc-bus
voltage is limited.

B. Series—Parallel Resonant (LCL) Power Supply

Fig. 3(b) shows the simplified equivalent circuit of the LCL
power supply neglecting all parasitic resistances. As can be
seen, the ECN of the LCL architecture has two more discrete
energy storage elements than the SLC topology, namely the
series bridge inductance Lp and the series capacitance Cl;.
Moreover, the primary resonant capacitance Cy is now in paral-
lel with the primary coil and Cg;. This topology is sometimes
also referred to as an LCL-T topology because of the character-
istic T-shape of the ECN. The series capacitance Clg; is used for
partial series compensation of L; so as to reduce it to a smaller
equivalent value L;.q. The parallel capacitance C; is chosen
so as to fully resonate with L., at the system’s operating fre-
quency. The bridge inductance is used to convert the HF voltage
source characteristic of the FB to an equivalent current source,
and for this reason, this ECN is sometimes spoken of as being
an impedance conversion network (ICN) [35], [37].

A very desirable characteristic of the LCL power supply is
that when operated at or very close to resonance, it behaves as
a constant current source over a very large range of coupling
and loading making its control loop design easier [66]. This is
in contrast with the SLC topology, which is quite sensitive to
changes in coupling and loading and requires a combination
of dc-bus voltage and frequency adjustments to maintain its
constant current source operation [1].

The primary current of the LCL topology is fixed by the
effective reactance X of the primary coil along with its partial
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series tuning capacitor and is given as

Vs 2v2Vpe . (wo X tps)
= sin )

I — 21
1 X, 5 2D

:Xl

Another feature of the LCL architecture that is often praised
in the literature is that it reduces the current stress of the bridge
semiconductors by constraining the large reactive resonant cur-
rents to flow only in the resonant tank [23]. The FB only sources
the current associated with the active power flow and the reso-
nant tank losses. The decrease of the bridge current results in a
reduced on-time conduction loss for the semiconductors.

The strategy in designing the LCL network is to size the
energy storage elements so that the magnitude of all the resulting
reactances are equal. Accordingly, the design equations that
govern the sizing of the LCL network are as follows:

Lo
Cs1 = 4 22)
U 2Lt Lyeq — M?] (
where L is once again given by
Lar = L1 — Lieg (23)

and L. is once again the equivalent inductance of the partially
tuned primary coil
X

LIC
q
wo

(24)

The parallel resonant tuning capacitance C is obtained from

1
W2Lleq

C, = (25)

Finally, the bridge inductance is in practice set to be 10%
larger than the value of L.q, so as to ensure that the inverter
will always see a lagging/inductive load [37]

Lp =1.1 X Lieq- (26)

A lagging load is desirable because if the bridge were to
ever become capacitively loaded, then the semiconductor losses
would increase significantly due to large reverse recovery cur-
rents in the semiconductor’s intrinsic body diode [51]. More-
over, as noted in [66], the power stage can be operated in a
ZVS mode provided that the chosen switching control scheme
ensures conduction in the intrinsic body diodes prior to switch
turn-on. This operating mode coupled with the previously noted
reduced current stress during conduction can result in very high
converter efficiency.

As was the case with the SLC design strategy, the selection
of the capacitance Cg; takes into account the reflected virtual
capacitance C,(M;) [23]. The bridge inductance L could be
implemented with an actual inductor, but by designing the HF
transformer so as to have a precise value of an overall equiv-
alent leakage inductance, it can be constructively used as a
part of the matching network, resulting in a reduced number of
components.
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TABLE II
NOMINAL DESIGN SPECIFICATIONS

Specification Name Specification Value

Pryax 3 kW
E.ffm in 85%

fo 30 kHz
Secondary Topology parallel-series
Emin 0.1773
M (kwin) 30.93 uH
Lose (Fmin) 168.15 uH
Lisc(kmin) 168.15 nH
Lioe (kmin) 172.87 uH
Cs2 0.23 uF
C 0.64 uF
Req 17.76 ©
Q2 3
Qav 2.14
Q2 1.40
Vbe, 240 V

V. OVERALL SYSTEM DESIGN METHODOLOGY
AND PHYSICAL IMPLEMENTATION

The design of the primary power supply requires that the
following parameters be known:

1) maximum power transfer level P, ,y;

2) nominal operating frequency fj;

3) magnetic pad characteristics: kmin, M (kmin )»> Lse (Emin )s

and Loa (k'min);

4) secondary-side ECN topology and energy storage element

values;

5) nominal load value R.;

6) nominal value of the three secondary quality factors: Qo¢,

Q2v, and Qo;;

7) the nominal dc-bus input voltage of the inverter Vpc, .

For this study, the above stated specifications are shown in
Table II. The power level was selected so as to operate close
to an SAE level II charging power. The nominal operating fre-
quency was set at 30 kHz primarily because at the time when
the magnetic pads for this study were initially designed most of
the research on wireless charging was focused on frequencies
around 20 kHz. Recently, the J2954 charging task force set the
nominal operating frequency for light duty vehicles at 85 kHz
[33], however, because of the limitations imposed by the large
resonant voltages in the matching networks of the constructed
coils at higher frequencies and because of limitations imposed
by the value of capacitors that were available to complete the
physical implementation, the final frequency used to drive the
system and carry out the comparison was actually 29 kHz.

The nominal dc bus voltage was chosen so as to have a range
of regulation voltages that would allow for both architectures to
deliver the target power over the full operating range of coupling
and loading being considered as well as to readily highlight the
differences in the voltage regulation strategy needed for each
architecture. In a practical setting, a higher nominal dc bus
voltage would likely be chosen for the LCL topology.

For this particular design, the extreme operating point is cho-
sen to correspond to a maximum coil-to-coil air gap of 16
cm and an axial misalignment of 12 cm. This operating point
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TABLE III
POWER SUPPLY MATCHING NETWORK VALUES

L B C] CS 1
SLC N/A 0.21 pF N/A
LCL  4925puH 063 puF 028 uF

corresponds to ky,i, shown in Table II and was selected so as to
be representative of the nominal light duty EV ground clearance
and the ongoing research efforts showcased in the literature for
static wireless charging [23], [41], [44]. The magnetic design
characteristics for the full operating range of coupling are shown
in Fig. 2. As noted in Section III, the region to the left of the
dashed vertical line is the full operating range of coupling. The
idea is to ensure that the system is able to transfer the required
power at the boundary, with the understanding that if it is able to
do so, then it will also be able to do so at higher coupling points
in the operating range. In a practical implementation, a feedback
control system would be used to guide the user in parking so as
to ensure operation within the target nominal range of coupling
as well as to disable operation altogether when outside it [23].

From the given specifications, the primary current needed to
transfer the required power can be computed using (13); the
calculated value serves as an initial design reference value. The
final value of I; for the physical implementation may need to
be larger in order to transfer the target power level. The need to
increase the primary current upon completion and evaluation of
the initial physical implementation is well reported upon in the
literature [4], [13], [38], [52]. As highlighted in the cited refer-
ences, the VA of the tuned secondary must be able to support
the desired power transfer level.

Next, the values of the energy storage elements in the match-
ing network of each power supply architecture are obtained
by application of the governing equations presented in Section
IV. The actual values used for the physical implementation are
listed in Table III. Once the component values on both the pri-
mary and secondary have been obtained, their respective voltage
and current ratings must be determined so as to ensure their safe
operation. The equations governing the ratings of the primary-
and secondary-side elements are summarized in Appendix A in
terms of RMS values.

As is seen from the complete mathematical model presented
thus far, the voltages and currents will vary with changes in cou-
pling and loading. Consequently, the establishment of the peak
ratings requires that all of the system’s equations be swept over
their full range of coupling and loading and that the maximum
values of each element’s voltage and current be ascertained.
This task is made even more challenging because as noted in
Section III, when the coupling changes, so do the mutual- and
self-inductances of the coupled coils. To be able to tackle the
said computationally intensive task, a MATLAB routine was
developed that steps through the system’s range of coupling and
loading. For the coupling sweep, the routine evaluates each ex-
pression in the model with the corresponding measured values
of mutual- and self-inductance at the given coupling point for
a fixed load value. In like manner, the routine also evaluates all
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expressions at a fixed coupling point, while varying the load
over the desired range. The resulting voltage and current rat-
ings for both sweeps are stored in two result arrays, one for the
coupling sweep and another for the loading sweep. The routine
then compares the peak ratings of both result arrays for each
circuit element and extracts the maximum values. In addition to
determining peak component ratings, the theoretical losses and
efficiency of the designed system may also be obtained over its
operating range with the foregoing MATLAB routine by inclu-
sion of the measured parasitic resistances of the energy storage
elements and of the nominal Rg(on) 0f the semiconductors used.
Much as was the case with I}, the max ratings, losses, and effi-
ciency obtained from sweeping the theoretical model serve only
as an initial reference for the design, and may have to be ad-
justed upon evaluation of the physical system’s behavior in the
face of higher order effects associated with component drift do
to prolonged operation.

Fig. 4 shows the physical implementation of the complete
IPT system designed for this study and the operating waveforms
for each power supply as well as for the vehicle side pick-up.
Fig. 4(a) is the series resonant architecture, while Fig. 4(b) is
the LCL architecture. Fig. 4(c) shows the entire IPT system
operating a rated conditions. The 3-kW resistive load was im-
plemented with a 3-by-3 array of light bulbs consisting of three
parallel connected branches, each with three series connected
bulbs. Each bulb in the array was rated for 1 kW at 120 V. The
core of the HF isolation transformer (HF XFRMR) between the
bridge and the ECN was implemented with the same ferrite ma-
terial used for the spokes of the magnetic pads. The constructed
transformer had a one-to-one turns ratio with 21 turns per side.
Moreover, its effective leakage inductance was controlled by
adjusting the core’s air gap length until it measured 67.28 pH.
For the SLC topology, the transformer’s leakage inductance was
completely canceled by setting C'p equal to 0.4 uF, whereas for
the LCL topology it was reduced to the target value of Lp by
setting C'z equal to 1.56 pF. For the FB switching network,
the IXFN132N50P3 power MOSFET was chosen because of its
very low Rgg(on), fast intrinsic body diode, and low gate charge
requirement. The gate driver stage was implemented with two
low-cost FAN7390 bootstrap gate driver IC’s, and the control
logic was generated using a TMS320F28335 DSP from Texas
Instruments. All PCB’s are double sided and were fabricated
in-house using a QC5000 prototyping system. The gate driver
stage was implemented on a separate PCB than the power stage
so as to ensure good signal integrity with the limited number of
copper layers used [22]. In the operating waveforms, Viny is the
inverter output voltage, and it leads the inverter current by 36°
for both architectures confirming the desired inductive mode of
operation targeted in the design. Vg is the gate-to-source volt-
age of one of the power switches. V7,1 is the primary coil voltage,
and the 86.53 MHz ringing apparent on it at the switching in-
stants is a result of the transformer’s parasitics resonating with
the HF components of Viny. The stated root cause of the ring-
ing was confirmed by two separate tests: First, the transformer
was completely removed, leaving only the ECN’s, in which case
the ringing disappeared completely; second, when the value of
the transformer’s parasitic attributes were modified by either
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Fig. 4.

System implementation and operating waveforms: (a) SLC power supply, (b) LCL power supply, (c) complete system operating at rated load and minimum

coupling, (d)and (e) SLC waveforms, (f) and (g) LCL waveforms, (h) secondary-side waveforms.

changing the core’s air-gap length or the number of turns, the
frequency of the ringing would also change. A practical way
to eliminate the HF ringing is to place a split and balanced in-
ductor between the bridge output and the transformer so as to
filter as much harmonic content as possible. All of the operating
waveforms were captured from the complete set-up shown in
Fig. 4(c); consequently, Vi pap and I pap in Fig. 4(h) are the
voltage and current of the 3-kW light-bulb load bank. Video
of the full working system for both power supply architectures
may be viewed online via the hyperlinks in Appendix B.

VI. PERFORMANCE COMPARISON

A. Size and Complexity

The SLC topology has the lowest number of discrete energy
storage elements, with only one tuning capacitor C;. On the

other hand, the LCL architecture requires the use of two more
energy storage elements, but by constructively using the para-
sitic inductance of the common HF isolation transformer, the
total component count for the LCL power supply is reduced to
just two, namely: Cg; and C. In view of the higher compo-
nent count, the LCL topology is more complex in its physical
implementation and its volumetric space requirements.

Fig. 5(c) shows the normalized open-loop power of each
power supply as a function of coupling. The constant current
source characteristic of the LCL architecture is clearly in evi-
dence. On the other hand, the sensitive nature of the SLC topol-
ogy to changes in coupling is seen in the fact that as the coupling
increases, the power actually decreases. This later behavior is
counterintuitive, but it is readily explained by the fact that the
SLC’s primary current is heavily affected by the variation of the
reflected secondary load. Fig. 5(d) shows the open-loop primary
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current for each topology as a function of coupling. As expected,
the LCL topology has a perfectly constant current throughout the
entire range of coupling, while the SLC topology’s current de-
creases significantly as coupling increases. As can been seen in
Fig. 5(e), as the coupling increases, the reflected impedance seen
by the SLC architecture increases correspondingly; thereby, re-
ducing the initial primary current from its nominal value. This
sensitivity requires that the dc-bus voltage be increased so as to
maintain a constant current source operating mode.

An increase in R, beyond its nominal operating point would
translate to an increase in ()2, in (11). For the LCL topology,
with its constant current characteristic, such a condition would
result in an increase in the open-loop power sourced by the
power supply accompanied by a corresponding rise in the in-
verter current. In practice, however, the closed-loop controller
would act to lower the dc-bus voltage so as to maintain the de-
sired power level with a smaller primary current. On the other
hand, for the SLC topology the same deviation in R; would
result in a decrease in the open-loop power delivered due to the
decrease of the primary current caused by the larger reflected
secondary impedance. In the latter case, the increase in @)y, is
not enough to overcome the simultaneous reduction in the pri-
mary current due to the square dependence of the power on I;.
So for the SLC topology, the controller would have to increase
the dc-bus voltage so as to maintain the desired power level with
the higher value of @9, .

Given the target range of coupling chosen for this study, it was
determined that the FB switching frequency for the SLC archi-
tecture would have to be adjusted according to the characteristic
shown in Fig. 5(f) so as to maintain ZVS. This requirement
along with the need to vary the dc-bus voltage so as to regu-
late the primary current against changes in coupling make the
overall control of the SLC architecture more complex.

B. Cost and Component Stress

The cost of a power supply is defined as the ratio of total
active power delivered to the load and the total VA rating of the
supply. As noted in [45], the VA stored in the tuning components
of the power supply is related to its size and associated cost.
Hence, the ratio of kW/kVA is a good estimate of the kW/$ of
the power supply. In this regard, the cost of the SLC and LCL
power supplies when operated at their rated power levels are
0.041 and 0.042, respectively. So as might be expected, the LCL
topology has a higher overall cost, though not by much (i.e.,
2.41%).

Fig. 5(g) and (j) shows the normalized voltages across all
energy storage elements, for both architectures, over the full
operating range with the normalization done with respect to the
voltage of the SLC series capacitor. As can be observed, the volt-
age stress on the single capacitor of the SLC topology is much
higher than that on any of the capacitors of the LCL topology
over the full operating range. This fact is further corroborated
in Fig. 4(c), which shows a 920-V stress on the series capacitor
of the SLC topology, and a 624-V stress on the series capacitor
of the LCL topology. Another factor that causes a higher stress
on the components of the SLC topology is the fact that at rated
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conditions, the entire primary current, in this case 30 A, is han-
dled by the semiconductors in its switching network, compared
to only 23 A for the FB of the LCL topology. This fact makes the
required current and power rating of the switching devices for
the SLC topology 1.3 and 1.7 times greater, respectively, than
those for the LCL topology for the same power transfer level;
moreover, as will be explained next this later factor also plays
an important role in efficiency of each architecture.

C. Efficiency

Fig. 5(a) and (b) shows the end-to-end efficiency of the com-
plete IPT system for both architectures as a function of the
percent of rated loading and coupling, respectively. The fore-
going efficiency is defined as the ratio of the power at the load
and the input power at the dc bus of the switching network.
Moreover, the efficiency of Fig. 5(b) was measured, while the
load power was maintained constant over the full range of cou-
pling via the regulation of the dc-bus voltage according to the
characteristic shown in Fig. 5(i). For this study, the losses in
the FB were measured using the TPS2PWRI1 power analysis
application software for the Tektronix TPS2024B oscilloscope.
In the case of the SLC topology, the bridge losses at full power
were 394 W, whereas for the LCL topology they were only 15
W. This translates to an 88.72% and 99.52% efficiency for the
power stage of the SLC and LCL architectures, respectively.
A noteworthy observation in Fig. 5(b) is that as the coupling
changes, the efficiency of the LCL architecture decreases from
its peak value to just above 91%, while that of the SLC architec-
ture increases to 90%. This happens because as seen in Fig. 5(h),
as the coupling increases, the bridge current sourced by the LCL
increases resulting in increased semiconductor losses, whereas
for the SLC the opposite takes place.

The power supply’s light load efficiency is a very important
figure of merit in EV charging applications because the power
supply is fully loaded for only one third of the total charging
time, namely during the bulk charging stage. However, during
the absorption and float stages, which account for two thirds
of the total charging time, the power supply is only partially
loaded [67]. As is seen in Fig. 5(a), the LCL architecture has
better light-load performance than the SLC, this is so because
as highlighted in [65], [66], under no load, the input impedance
of the LCL network becomes infinite; consequently, the inverter
output current becomes zero and the converter is able to maintain
very high light-load efficiency. In contrast, at light loads, the
SLC topology sources very large reactive currents due to the
very small tuned impedance seen by the inverter [39]. A way to
improve the light-load efficiency of the SLC topology is to have
a secondary-side regulator [42], but this improvement comes at
the expense of an increased cost and complexity on the vehicle
side.

As can be seen from these results, the LCL topology is clearly
superior over the entire range of loading and coupling, achiev-
ing a peak end-to-end efficiency of 96%, and maintaining an
overall higher efficiency even at its worst case efficiency oper-
ating point. The SLC topology, on the other hand, suffers from
poorlight-load efficiency, dropping to as low as 70% at light
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TABLE IV
SUMMARY OF A COMPARATIVE STUDY

Number of Capacitors ~ Capacitor Voltage Stress ~ Cost [W/VA] Control Complexity ~ Rated Load Efficiency ~ Light Load Efficiency
SLC 1 HIGH 0.041 HIGH 86% 76%
LCL 2 LOW 0.042 LOW 96% 95%
load. Furthermore, the peak system efficiency at the nominal Icq =
g%eftratmg p.om}t1 with 1ihefﬁSIiC suppflyhls only 86h% This 1.0% (1 = w?L1ogCy) + jwCi R, — 1 v
- - - s
ifference in the peak e ciency o the twol architectures is a Ro(1—w?LyCh) + jolls (1 — @?L1eqCh) + Lieg)
result of the fact that the bridge power switches of the SLC
topology must handle the full-resonant current, which increases I =
the semiconductor loses even despite the sustained ZVS oper- 1 Vs
ation. On the other hand, the LCL topology is able to maintain R, (1 =w?LpCh) + jw[Lp (1 = w?LieqCh) + Lieg]
very high efficiency because the bridge stage only handles the Vg =
current associated with the active power transfer and the reso- . . .
. p . . ]UJLB[(]- 7W2Lleqcl)+]wcer]
nant tank losses. The foregoing results are still applicable at 85 Vs

kHz because the key reason for the higher efficiency of the LCL,
namely the lower current stress of the semiconductors, is inde-
pendent of frequency; consequently, while it is to be expected
that the overall efficiency of both topologies would go down at
85 kHz due to the increased switching losses, the efficiency of
the LCL would still remain higher than that of the SLC.

VII. CONCLUSION

The development of wireless EV charging technologies has
gained unparalleled momentum over the latter half of the past
decade. The release of a formal industry standard governing this
novel technology will enable OEM’s to bring wireless EVs to
market as early as 2016. A key question that remained unan-
swered until now was: Which of the two power supply architec-
tures commonly used in wireless EV chargers is better in terms
of size, complexity, cost, and efficiency?

This paper has compared the foregoing two topologies by
applying an identical performance test. The results, which are
summarized in Table IV, show that while the SLC topology has
slightly lower component count and cost, the LCL topology is
superior in terms of its power conversion efficiency over the full
range of coupling and loading imposed. Moreover, its constant
current source characteristic make its closed-loop control imple-
mentation easier than the alternative SLC architecture. Because
the efficiency of the power supply is a key figure of merit in a
wireless EV charging, the results presented in this study point to
the likely adoption of the LCL topology for a future standardized
implementation of wireless EV charging.

APPENDIX A
SYSTEM RMS VOLTAGES AND CURRENTS

A. LCL Architecture

Ip =

(1 — UJQLlequ) +]w01 Rr
Rr(]- - WZLB Cl) + JW[LB (1 - szlequ) + Lleq]

Vs (27)

R, (1-w?LpCy)+ jw[Lp(l —w?LieqCh) + Lieq]
Ver =
[(1 — szlequ) + ijl Rrr — 1]VS

(28)

(29)

(30)
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B. SLC Architecture
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C. Secondary Side
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APPENDIX B
ONLINE MULTIMEDIA OF A WORKING SYSTEM

A. SLC Architecture
https://www.youtube.com/watch?v=GNDM4SKEf90.

B. LCL Architecture
https://www.youtube.com/watch?v=wt_pUSHIGNU.
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