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Abstract This paper presents an Inductive Power Transfer (IPT) system for Electric Vehicle (EV) charging with Power Class
Interoperability (PCI) between the SAE WPT3 (10 kW) and WPTS5 (50 kW) power classes using a multi-coil Bi-Polar Pad (BPP)
Vehicle Assembly (VA) magnetic topology. The objective is to provide wireless PCI for electric taxis and fleet vehicles which
may require WPT5 charging while on shift and WPT3 off shift charging. The design process of the WPT3/5 BPP VA magnetics
is presented. Alternative methods of ferrite core layout and coil overlap to reduce form factor and cross-coupling are
investigated. A dual active bridge topology using LCC-LCC tuning demonstrates effective dual-sided control, combining
conduction angle, active bridge phase shift, and Selective Coil Energization (SCE) to provide system functionality essential to
PCI. Active bridge phase shift is utilized to adjust the relative secondary to primary phase past 90° to enable Zero-Volt
Switching (ZVS) in the active bridges when operating at either power class. Experiments demonstrate the proposed WPT3/5 BPP
VA charging from an above ground WPT3 UGA, and flush ground mounted WPT5 GA, and show an efficiency increase of
3.6% and 0.7% respectively when the proposed control method is used. The performance of the proposed system is shown to be

comparable to other IPT systems at either power class.

Index Terms— Inductive power transfer, high power, electric vehicle charging, multi-coil, interoperability, wireless power transfer

I. INTRODUCTION!

IRELESS charging of EVs with IPT has been

standardized by SAE J2954 at low-power levels and is
expected to become an industry alternative to plug-in charging
[1]. The standard provides recommended designs for wireless
charging systems with an input rating ofup to 11 kVA (WPT3).
A future version will provide recommendations for high-power
(fast-charging) systems with an input rating of up to 60 kVA
(WPTS5), to provide a wireless alternative for plug-in
fast-charging [1]. Commercial Electric Fleet Vehicles (EFV)
such as taxis and delivery vehicles which require charging in
public areas will gain increased range and functionality from
wireless fast-charging [2]-[5]. Ideally, they can charge at a
lower rate at a domestic residence or depot, and be able to
benefit from fast-charging where available.

Over the last two decades there has been extensive research
into IPT magnetic topologies for EV charging [6]-[14]. These
range from the single-coil non-polarized Circular Pad (CP) and
the polarized Double-D Pad (DDP) [6]-[8], to more complex
but highly functional multi-coil and multi-phase designs such
as the Bi-Polar Pad (BPP) [9], DDQP topology [10], Tri-Polar
Pad (TPP) [12], and three-phase designs [11], [13]-[14].

Existing literature investigates how effectively one type of
magnetic topology interacts with another, referred to as
magnetic interoperability [15]-[20]. An example is two IPT
systems where the Ground Assembly (GA) and Vehicle
Assembly (VA) magnetics are matched: System-1 is designed
as a DDP-DDP (GA-VA), and System-2 is a CP-CP. If they are
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interoperable, the System-1 VA can charge from the System-2
GA and vice versa. This means the resulting magnetic and
electrical characteristics of the transposed system operates
within the limits of the individual systems.

Aside from magnetic topology mismatches, the inability of a
single system to adequately meet the needs of wireless PCI is
the most significant limitation of current wireless charging
technology. EFVs which are privately owned (e.g. taxis and
couriers), are common examples where power class
interoperability is essential. A WPTS5 VA is ideal for
opportunity charging at taxi-ranks or goods depots with a
commercial WPT5 GA. However, designing a WPT5 VA to
charge over a WPT3 GA is challenging. This scenario is
explored and its solution is a novel contribution of this article.

The first challenge of PCI is the difference between
magnetics for low and high-power charging. As the power class
increases, so does the relative size of the magnetics [2]-[6].
Having a size mismatch causes a large range of magnetic
coupling factors between the two pads (ki2), significant
variations in self-inductance, and potentially increased
magnetic flux leakage adjacent to the EV during charging [6].

The next challenge relates to the installation method of the
GA which is shown in Fig. 1. Commercial and public
fast-charging spaces usually prefer to install the pad flush with
the ground surface. This prevents excessive wear on the pad
and avoids additional driving obstacles. In contrast, a
low-power GA at a residence will likely be surface mounted in
a garage or driveway to reduce installation cost. While the
ground clearance of the VA pad remains unchanged, the
magnetic airgap can potentially halve, depending on the GA
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Fig. 1. Diagram (not to scale) of proposed WPT3/5 interoperable BPP
VA charging over a WPT3 above ground mounted UGA and a WPT5
flush ground mounted GA.

pad thickness. This further strains the system operation given
the large variations in coupling that neither the GA or VA were
initially designed for.

The final challenge is in regard to the power electronics,
power regulation/control mechanism, and volt-ampere rating
mismatch of the two systems. WPTS5 systems proposed in
literature demonstrate volt-ampere ratings in excess of 2 to 4
times that of WPT3 systems [3], [8], [13]-[14]. Without relying
on highly functional (and therefore expensive) dc-dc converters
in the GA and/or VA battery management system, there must
be other means of power regulation within the IPT system.

As more high-power IPT literature and candidate systems are
produced, there has been growing interest in methods to
address wireless PCI challenges [17], [20]-[21]. Table I lists
and compares several examples of IPT literature that
investigate this topic, or at least demonstrate a higher-power
system operating at low-power.

Kim et al. proposed a method of Selective Coil Energization
(SCE), for a 20 kW multi-coil TPP to facilitate operation with
a high-power TPP VA and/or a low-power single-coil topology
similar to those in SAE J2954 [12]. Kurpat and Eckstein
proposed a three-phase 30 kW system with SAE J2954 WPT3
GA interoperability [17]. They investigated the magnetic
interoperability of star/delta-type multi-coil topologies with
single-phase CP and DDP GAs and the increased power density
of a three-phase matched system through Finite Element
Analysis (FEA).

Both of these works investigate the potential for high-power
multi-coil magnetics to interoperate with low-power single-coil
SAE J2954 magnetics. However, they do not experimentally
prove their respective systems at both low-power and
high-power operation or consider the power electronics
topology and control methods required for PCI.

Pries et al. demonstrate a novel three-phase 50 kW system
operating at reduced power level (10 kW), when misaligned,
but with reduced system efficiency [13]. Ibrahim et al. also

demonstrate a 50 kW three-phase system operating at a reduced
power level (5 kW), which is achieved by only driving one of
the three-coils on the GA with a significantly reduced dc bus
voltage.

While these two examples demonstrate low-power operation
of a high-power system is possible, neither are interoperable
with SAE J2954 charging systems. They also operate with
reduced system efficiency, and/or expect a wide range of
control over the dc voltage input to the GA system.

Su et al. investigated a multi-coil to single-coil system [20],
which uses a three-phase magnetics topology showcased in
[13]. They proposed a single-phase mode of operation for a
50 kW three-phase active bridge when their three-phase
magnetics are charging to, or from, a WPT3 CP/DDP. They
demonstrated conceptually how power class interoperability
can be facilitated from an electronics perspective. While not
demonstrated experimentally, the authors provided simulated
electrical operating characteristics which demonstrate a
moderate power regulation requirement.

Torres-Alfonso et al. performed an interoperability study
that investigated the challenges associated with variations in
reflected impedance and power regulation [21]. They provided
a conceptual design of an interoperable GA using simulations,
but did not experimentally demonstrate their proposed GA as
interoperable with low-power SAE systems.

The above literature shows initial analytical and simulated
electrical/magnetic investigations that broaches the topic of
power class interoperability. Despite this early work, research
gaps remain regarding the practical implementation of a
low/high-power SAE compliant system. The work in this paper
presents the first literature to the authors knowledge, which
considers the system challenges in all of the magnetic,
electronic, and power regulation control environments, and
demonstrates solutions that result in the practical
implementation of a power class interoperable IPT system.

Of interest is how the volt-ampere rating mismatch in a
wireless power class interoperability scenario is managed.
From the previously discussed example (WPT3 GA to WPTS5
VA), if the high-power VA cannot regulate its volt-ampere
effort when positioned over a low-power GA, an alternative
would be to rely on a very low magnetic coupling. This could
be attempted during the high-power VA design, however the
low magnetic airgap caused by the low-power GA mounting
method may make this unrealistic. Therefore, it is more
practical to assume the high-power VA will be capable of
regulating its magnetic volt-ampere effort within range of the
low-power GA rating.

TABLEI
IPT SYSTEMS DEMONSTRATING POWER CLASS INTEROPERABILITY *

Experimental Validation at

Research Group Power Levels Magnetic Topology SAE J2954 Compatible Both Power Levels Year
UoA [12] 2 kW and 20 kW TPP Yes No 2019

Ika RWTH [17] 11 kW and 30 kW Three-Phase Yes No 2019/2022
ORNL [13] 10 kW and 50 kW Three-Phase No Yes 2020
ZJU [14] 5 kW and 50 kW Three-Phase No Yes 2021
ORNL [20] 11 kW and 50 kW Three-Phase No No 2023
CIRCE [21] <50 kW CP No No 2023
UoA Proposed System 10 kW and 50 kW BPP Yes Yes 2023

*or at least demonstrating a high-power system operating at low-power.
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Fig. 2. Schematic diagram of the WPT3/5 dual-side control active bridge
LCC-LCC IPT system used in this work. All active bridge legs are
CAS120M12BM2 modules.

In the context of power class interoperability, a balanced
multi-coil VA that is able to short or open circuit one or more
of'its windings (SCE) is immediately at an advantage compared
to an equivalent single-coil VA. This allows the volt-ampere
rating of the VA system to be significantly dropped prior to
engaging power regulation [12].

Methods of power regulation within IPT systems, which
inherently regulate the volt-ampere effort of the GA and/or VA
magnetics, are showcased in the literature, and a variety of
solutions are presented in [22]-[31]. Conduction angle control
(a-control) within the GA does not require additional hardware
other than an active dc-ac bridge, and is arguably the most
common approach. Dual-side control makes additional use of
active switching on the VA side to also regulate power.

Dual-side control can take the form of a robust dc side
regulator [22]-[23], to a sophisticated semi/full-bridge active
rectifier with VA side a-control and/or phase-shift control
(p-control) of the VA active bridge relative to the GA [24]-[31].
The cost of dual-side control is higher than single-sided power
regulation techniques. However, the increased component cost
can be reduced as dual-side control is able to exploit
Zero-Voltage Switching (ZVS) in the GA and/or VA active
bridges [24]-[29], [31].

The main contribution of this work is a power class
interoperable multi-coil BPP VA suitable for WPT3/5
(10/50 kW) charging at high efficiency, which is compatible
with SAE J2954 low-power IPT charging systems. This is
achieved using selective coil energization of the multi-coil VA,
and using a dual-sided control strategy to improve the
efficiency of the system while meeting leakage flux constraints.

The operation of the proposed BPP VA (Fig. 1), is evaluated
when charging at a WPT3 level from an above ground mounted
single-coil SAE J2954 Universal Ground Assembly (UGA) [1].
WPTS5 charging is also evaluated with a single-coil CP GA
which is designed to be flush with the ground surface [32]. This
is a challenging power class interoperability scenario where
there is a significant difference in magnetic coupling and
volt-ampere ratings of the two individual systems.

The decisions regarding initial system specifications, such as
magnetic misalignment, the primary side dc bus, the secondary

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

TABLE II
PROPOSED WPT3/5 SYSTEM DESIGN CONSTRAINTS

General System Parameters

Parameter Value Parameter Value
Ve (1okw) 380-500 V Bieakage 15 uT
Ve (s0kw) 600-800 V dx +75 mm

Viatt 800 V dy +100 mm
Bferite.max 90 mT dz!" 160-210 mm

WPTS5 Operation Over 50 kW CP GA

14 2kV Vom 2kV

1, 200 A Lo 130 A

VA, 400 kVA VA 260 kVA

L 18.7 uH Loy 28.8 uH
ki 2(efmin 0.125 Ak 2 et <0.12
Kt 2m(miny 0.05 O 15

WPT3 Operation Over 10 kW UGA
14 1.6 kV L 39.4 uH
1 75 A VA, 118 kVA

1 Ground clearance airgap as per Fig. 1.

side battery voltage range, and leakage flux are discussed. The
design method of the BPP WPT3/5 VA magnetics, which
includes magnetic core design, winding overlap, and inter-coil
cross-coupling reduction methods, are also detailed.

The power class interoperability limitations of a WPTS
single-coil VA are discussed, and the advantages of a multi-coil
VA with selective coil operation for power class
interoperability are demonstrated.

Even with selective coil energization, a moderate power
regulation effort from the GA and VA active bridges is required
to operate over the wide power class range. A dual-sided
control strategy that regulates power through both a and
@-control to regulate the volt-amperes in the magnetics is used
in this work. Control actions that adjust g-control past -90°
(p-overdrive) are demonstrated to improve system efficiency
and increase the ZVS range of the active bridges by modifying
the reflected impedance of the LCC-LCC system [24]-[25]. The
dual-sided control strategy is shown to be beneficial across the
proposed power classes via experiments.

A prototype WPT3/5 BPP VA is built, tested, and
experimental results are presented that show the prototype can
transfer rated power at system ratings while complying with
specifications. The performance of the proposed system is
compared with respective low-power and high-power IPT
systems described in the literature. Results are discussed, and
further recommendations are made regarding dual-action
control for power class interoperable IPT systems.

II. WPT3/5 (10/50 KW) INTEROPERABLE
IPT SYSTEM SPECIFICATIONS

This section discusses the electrical and magnetic parameters
that were used to constrain the design of the VA BPP
magnetics. These constraints were chosen based on existing
literature for WPT5 IPT systems [3], [8], [13]-[14], however
the main guiding factors are the design constraints that
developed the 50 kW single-coil system in the authors previous
works [32]. SAE J2954 recommends specifications for WPT3
rated IPT EV charging systems [1]. These works are combined
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to propose the WPT3/5 (10/50 kW) interoperable system
design constraints, which are shown in Table II

A diagram of the proposed interoperable system is shown in
Fig. 2, where the VA has two receiver coils (L2, and L), and
synchronized active bridge regulators to deliver power to the
battery. When the multi-coil VA is charging over a WPT5 GA,
both Ly, and Ly, deliver power. When charging over a WPT3
GA, only one coil in the VA is needed to deliver power and the
other is short-circuited by the respective active bridge. The
SCE operation is discussed in Section II-E.

A. General System Operation

The range of the GA dc bus voltage (Vac) for WPT3 charging
is 380-500 V based on SAE specifications for the UGA testing
system. This is extrapolated to define a Vg range of 600-800 V
for WPTS5 operation, based on the referenced WPTS5 system Ve
maximum of 800 V [32].

The EV battery voltage (Viar) is 800 V as per [32]. It is
assumed the battery management system maintains a constant
800 V dc load on the output of the proposed IPT system and
does not fluctuate with the EV state of charge.

Misalignment of the VA in the XY plane (dx,dy) and ground
clearance airgap (dz) are taken from SAE specifications (Fig. 1)
[1]. Due to the different mounting methods, there is a
significant difference in magnetic airgap, which is shown by
Fig. 1. When charging from the WPT3 UGA, the magnetic
airgap is reduced by approximately 62 mm for a given dz
ground clearance. This results in a sharp increase in coupling
which the proposed multi-coil BPP VA compensates for by
reducing its volt-ampere rating through SCE.

Maximum leakage flux adjacent to the EV during charging
(Bieakage) 1s set at 15 pT to comply with cardiac implantable
electronic device requirements [1]. The measurement location
is 950 mm from the VA center (as discussed in [32] given the
typical vehicle widths), under maximum misalignment and
power transfer conditions. This Bieakage maximum usually
occurs in the XZ plane along the Y-axis as shown by Fig. 1.

B. Coupling Factor and Power Transfer Equations

In order to simplify the power transfer analysis of a
multi-coil IPT system, a metric called the effective coupling
factor (kipern) is used during the design stage [12]. For the
purposes of this work, ki) is used to evaluate the proposed
WPT3/5 multi-coil magnetics as an equivalent single-coil
system.

The proposed WPT3/5 BPP VA magnetics have two separate
coil windings L, and Ly, which are individually coupled with
the GA magnetics (L;). (1) describes the subsequent
mutual-inductance (M., where m € {a,b}) between L; and
either Ly, or Ly, as a function of their respective magnetic
coupling (ki.m) and self-inductance (Lan). (2) describes the
open-circuit voltage induced in the respective VA coils, and (3)
describes the volt-ampere effort (VA1, or VA2,) as a function of
the current (/; or l»,) in the respective winding.

Using (1) through (3), (4) can be derived which describes the
power output of the respective active bridge (Pouom) as a
function of the coupling, volt-ampere effort of the GA and
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respective VA winding, and the phase shift between the GA and
VA winding current (6).

M1,2m = kl,Zm\/ LiLym (1)
Voci,om = jwliMyom 2
VA, = |I1|2|ij1|' VAym = |12m|2|ij2m| 3

Pout,Zm = kl,Zm\/ VA VA, sin(0) “4)

The uncompensated volt-amperes coupled to Lz, or Loy
(Suzm) is shown by (5) as a function of the power output by the
respective active bridge Pout2m, and the loaded quality factor of
its resonant tuning network (Q2,). By substituting (1) and (3),
(5) can be expressed as a function of the volt-ampere effort of
L and its magnetic coupling with Lo, or Loy.

_ Poutzm
Suym =

= [2eMizm _ g g2 (5)
— 1 L - 1*1,2m

2m 2m

The total output power of the IPT system is the sum of the
two secondary side active bridges (Fig. 2), as is the total
uncompensated power available from L, and L, which is
shown by (6). Using (5), (6) can be expanded into (7), which is
simplified to provide (8), which describes ki 2(efr).

SUegr = SUza + SUyp (6)
VA1 kS etry = VA1kZ 20 + VA K] 5 @)

k1,2(eff) = ’kiZa + kizb (®)

Under maximum misalignment and ground clearance, the
minimum effective coupling (ki2emmin) should be close to
0.125, and the difference between minimum and maximum
effective coupling (Aki ») should be 0.12. These are the same
coupling factor specifications the referenced single-coil WPTS5
system was designed to, the performance of which is compared
to the WPTS5 operation of the proposed BPP VA at the end of
Section VII [32].

C. Electrical and Magnetic Operating Limits

The BPP coil terminal voltage limit (V2,) is set at 2 kV
which is identical to the single-coil CP voltage limit (V1) as per
[32]. The available Litz wire size of 4800x0.1 mm provides an
effective conductor area of 37.7 mm?, which should have a
current density of less than 4 A/mm? in an enclosed prototype
IPT pad with no active cooling. This limits the current in the
single-filar BPP coils (/2,) to 150 A. A conservative value of
130 A is chosen to allow some freedom in the design stage.

The chosen V>, and I»,, limits produce identical BPP L,, and
Loy, self-inductances of 28.8 pH and a maximum volt-ampere
effort of 260 kVA. The WPT5 GA characteristics remain
unchanged from [32] and are also listed in Table II.

The minimum couplings between L, and either L, or Lo,
(k1.2m(min)) must be high enough to avoid operating the VA
tuning network at an excessive loaded Q,, which causes the VA
to become sensitive to changes in the resonant tuning network
values. O, and ki1 2mminy can be related by substituting (5) into
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TABLE III
SIMULATION OF WPTS CP OVER WPT3 UGA UNDER MAXIMUM COUPLING AND VA SIDE POWER REGULATION*
(dx,dy,dz) k (o1, a2, 9) Plowy Tde-de I h VA VA2 Int I Su 0 . GA ; VA
(mm) 12 © &W) ) @A) A kVA)  KVA)  (A) (A) (kVA) 2 S‘{X;‘“ S?Xf)"’“
(0,0,160) 0.381 (180,14,-90) 10.5 84.5 73.6 31.6 113.9 9.2 46.9 112.4 16.8 0.6 29.3 135.1
*Vae =380 V and Vige = 800 V
(4) and solving for k1 2mmin) to produce (9). 1000 p 1200
e 500 - [S](on)| ‘IS:‘!(OI'ID 1100
kl,Zm(min) = © . I 1

VA1 sz > H N\ | A-A--fE S ommax_ 1593

<

0 \/ \/ |3

. . . . g £

As the GA and VA active bridges are synchronized, ideally ] =
with a 90° phase difference (see Section V), the sin(f) term in -500 | | 1-100
(4) can be approximated as 1. If 0, is limited to a maximum 1
of 15, a ki 2mmin) 0f 0.05 can be calculated using (9). -10000 ’ 01' 1 ' I'_ N -200

) D 2
D. LCC-LCC Tuning and DAB Topology Time (Zperioa)

An LCC-LCC tuning topology was chosen for the proposed 1000 ¢ @ I . 1200
power class interoperable IPT system as it provides a nearly Stm(on) || 783m(on) |
constant current (and therefore volt-amperes), within the 500 - 1100
magnetics irrespective of coupling and/or loading conditions, _ .
and its band pass filtering of the ac voltage output from the Z 0 0 <
respective active bridge. These features are desirable as this S \E
system will inherently have a wide range of coupling/loading ool {100
conditions, and require low conduction angles in the active i Hsonmss| 135 1
bridges (high harmonics in the ac voltage outputs), to provide 1000 . v 200
a moderate level of power regulation. R 05 | 15 5

The decision to employ a DAB topology was to allow SCE Time (Tperioa)
of the proposed BPP for WPT3 operation, and to provide a high (b)

level of control functionality (conduction angle and active
bridge phase shift), the necessity of which is demonstrated in
Section VI.

E. Selective Coil Energization (SCE) WPT3 Operation

As noted in Fig. 2, either of coil L, and Loy, can be stopped
from operating under resonance, and delivering power, by
closing switches Szan and Ssan. When either set of switches are
closed there is an effective short circuit current that flows which
is greater than the actual coil short circuit current, because of
Cys. The effective short circuit currents (Zs(efrm) are thus given
by (10). Under these conditions, the bridge currents /i, are
equal to Zsc(etrym-

By substituting (1) and (2) into (10), the coupling between
L, and each respective VA winding can then be estimated by
(11). The VA controller has information regarding /sct» and
Xtomefn, while the GA communicates w, [1, and L; via wireless
communication. The VA controller may then decide to energize
Ly, or Ly, based on which has the more appropriate coupling to
the WPT3 GA magnetics.

|Voc1,2m| |Voc1,2m|

I = = 10

| Sc(eff)ml |XL2m|_|XC25| |XL2m(eff)| ( )
|Isc(eff)m| |XL2m(eff)|

k = ——— 11

1,2m wly /_L1L2m ( )

If the detected coupling is outside the operating range of the
system this indicates the EFV is severely misaligned from the
GA magnetics. The charging system would prompt the driver
to reposition the vehicle before charging can occur. The revised
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Fig. 3. Simulated ac bridge voltage (blue) and current (red) waveforms as
per Table I1I, with current flow directions as per Fig. 2. Green dashes mark
S and S; switching transitions where I5.n is recorded. (a) GA active
bridge (b) VA active bridges.

SAE J2954 standard will contain details on positioning systems
which will assist the driver, or automated parking system, with
EV alignment to reduce the likelihood of severe misalignment
occurring. [1].

F. Multi-Coil VA Necessity for WPT3 Interoperability

Table III details a PLECS simulation of the single-coil
WPT5 CP VA from [32] charging from the WPT3 UGA with
(dx,dy,dz) = (0,0,160) mm. The simulated waveforms of the ac
bridge voltage and currents for the GA and VA active bridges
are shown in Fig. 3(a) & (b) respectively.

In this simulation, the WPT3 active bridge operates with a
180° conduction angle (1), and regulates power by operating
with its minimum Vg of 380 V. The 180° conduction angle
favors ZVS operating conditions in the WPT3 active bridge. A
power output of approximately 10 kW is achieved by operating
the synchronized WPTS5 rated VA active bridge with a very low
conduction angle (a2 = 14°).

The high coupling results in the system operating with an
uncompensated volt-ampere rating (Su), which is greater in
magnitude than the desired 10 kW power output. Under these
conditions, the loaded quality factor (0) of the VA will be less
than 1. This operates the system is a low resonance state which
induces high harmonics in the ac-dc and dc-ac conversion
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Fig. 4. WPT3/5 BPP VA magnetics (a) bottom view and (b) side view.
WPTS CP GA magnetics (c) bottom view and (d) side view. All
dimensions are in mm.

process.

A low resonance state also produces unfavorable
hard-switching conditions in the active bridges, shown by
Isemmax in Table III. The high forward current flow at the
switching transitions (non-ZVS), is shown by the green dashed
lines in Fig. 3. Note the negative Iy, value in Fig. 3(b) is
relative to the /i, direction indicated in Fig. 2. Therefore, a
negative [y, value at the S3men) transition indicates downward
(positive) current flow through switch S3 within the VA active
bridges.

Further lowering /, using conduction angle control in the GA
in order to boost (s is not practical, as this further increases the
magnitude of hard-switching in the GA active bridge. Lowing
Ve further is also limited by the WPT3 GA hardware.

The low dc-dc system efficiency (#dc-ac) of 84.5 % is
attributed to the hard-switching in the GA and VA, and high
magnitude bridge current in the VA (Iy2), which produces
conduction losses which are disproportionate to the amount of
power being transferred.

The limitations of single-sided power regulation is explored
further in Section VI where the dual-sided control method for
the proposed WPT3/5 system is presented.

III. WPT3/5 BPP MAGNETICS DESIGN PROCESS

The multi-coil BPP magnetics topology is applied in this
work to facilitate power class interoperability, rather than the
traditional application of magnetic interoperability with both
polarized and non-polarized single-coil magnetics.

The principal challenge with designing power class
interoperable VA magnetics is the large solution space for the
individual power classes and the relatively small overlap of
solutions that meets both sets of specifications.

A pragmatic approach is to focus on solutions for the higher
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TABLE IV
MAGNETICS DIMENSIONS IN MM WITH RESPECT TO FIG. 4(A)&(C)
Parameter 10/50 kW VA 50kW GA 10 kW UGA
Al 633 675 750
A2 620 720 600
F1 585 585 650
F2 560 612 510
Cl 585 585 650
C2 550 600 500
C2a 382 - -
C3 172 175 175
Cda 172 175 175
C4b 129 175 175
Winding Pitch X 232 425 325
Winding Pitch Y 413 410 475
Overlap (OL) 42 - -

power class, where the specifications are more challenging to
meet, and then investigate their performance under the lower
power class conditions. A benefit of this approach is it
immediately gives an indication of the magnetic dimensions
required to achieve the minimum kit required to transfer
rated power under maximum misalignment conditions.

The design input dimensions are shown in Fig. 4 (see Fig. 7
for a 3D view), while Table IV shows the design dimensions of
the proposed WPT3/5 BPP VA, and the equivalent dimensions
of the WPT5 GA and WPT3 UGA. Fig. 5 shows a flowchart
that steps through the FEA design process, as discussed in the
following sub-sections.

A. BPP Magnetics Design Process

This first consideration is the maximum outer dimensions of
the pad defined by F1, F2, C1, and C2 as per Fig. 4(a). The
outer dimensions were selected to match the WPT5 CP VA as
per [32]. This maintains similar copper winding and ferrite core
volume, which helps compare the WPTS VA from [32] with
this newly proposed VA.

The next consideration is the BPP VA coil cross-coupling
which should ideally be decoupled but in practice, minimized
i.e. k2a26 < 0.01 (referred to as knun). If this condition is not met,
some power is circulated between L, and La,, which decreases
magnetic efficiency [9]. knun occurs when the net mutual flux
shared between L, and Loy is almost zero [9]. The amount of
Overlap (OL), required to achieve kn.i depends on the winding
pitch and ferrite core arrangement underneath the two coils.

As the ferrite core and outer dimensions of the coils are
already fixed, C2a, C4a, and C4b are the design variables that
directly affect k2.20. As per Fig. 4(a) and Table IV, the design
variables Winding Pitch X/Y and Overlap (OL), are defined by
(12) through (14).

Winding Pitch X = C2a- (C4a + C4b)/2 (12)
Winding PitchY = C1- C3 (13)
OL = ((C4b/2 + Winding Pitch X) — C2/2) x 2 (14)

With equal C4a & C4b dimensions, kn occurs when the
X-axis winding pitch of L,, and Ly, overlap (OL) by
approximately 20 % of Winding Pitch X (Table IV). However,
in this design process, C4a/b dimensions are varied
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Fig. 5. WPT3/5 BPP VA magnetics design process flowchart.

independently to improve k). The ferrite core is made of
ferrite tiles and thus is not symmetrical underneath a given
winding due to tile gap requirements, and this also affects OL.
Therefore, the C2a design variable is set so that OL is initially
20 % of the X-axis winding pitch and adjusted by +5 % to
identify Knull

C3 has minimal impact on k»,2,. However, decreasing C3
results in higher self-inductance by increasing the Winding
Pitch Y. It also lowers Akiaem by reducing the maximum
coupling, but lowers ki 2t under misalignment. Solutions with
a larger C3 were favored as, higher kioem requires less
volt-ampere effort, more evenly distributes magnetic flux
density throughout the ferrite core (Brerite), and requires less
copper volume (average turn length is decreased).

The number of turns required in both the L,, and Lo
windings (Ns) was estimated using the single-turn inductance
of each candidate solution as predicted by FEA. Care was taken
to estimate that the inter-winding spacing was sufficient based
on the C3 and C4a/b winding widths. Setting the number of
turns (Ns) to 7 produced candidate solutions within range of the
ideal self-inductance of 28.8 pH, while leaving freedom to
adjust winding widths and sufficient spacing between
successive turns.

Leakage flux adjacent to the EV (Bieakage) (See Fig. 1), and
magnetic flux within the ferrite core (Brerite) Were estimated
under rated volt-amperes in the GA and VA magnetics under
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i,

(a)

Fig. 6. FEA |B| contour plot at rated volt-amperes for full ferrite design
(a), and reduced ferrite design (b).

maximum misalignment/airgap conditions. Design solutions
with a wide C3 winding width produced low Bicakage due to the
Y-axis winding pitch being further from the leakage flux
detection plane. A wide C3 winding width also spreads Bferite
more evenly so these solutions were generally favored.

B. Alternative Ferrite Core Structures

TDK N95 ferrite was selected as the magnetic core material
due to its high permeability, reasonably low-loss at 85 kHz, and
ability to operate with |[B| = 200 mT (rms) without saturation
occurring [33]. These characteristics assist with creating a
compact and efficient magnetics design with minimal leakage
flux. Modern powder cores or nanocrystalline materials may
also be viable, however for the purposes of this work and to
keep the design comparable with literature listed in Tables I and
XII (see Section VII), ferrite was preferred.

The ferrite core is made from N95 125x100x10 mm tiles, and
based on previous works [32], the tiles were oriented vertically,
and small inter-tile gaps were used to reduce magnetic flux
hotspots. A conservative maximum (Biferrite,max as per Table I),
of |B| = 90 mT was chosen as the prototype BPP VA was
designed without active cooling.

Two ferrite core structures were proposed for the BPP design
as per Fig. 6. The first is a full ferrite design (FFD) (Fig. 6(a)).
The second is a reduced ferrite design (RFD), which has tiles
(3,1) and (3,2) symmetrically removed as per Fig. 6(b). Apart
from a reduced ferrite core volume, the RFD is able to reduce
the inherent increase in pad thickness due to the overlap of Lz,
and Loy, coils required to achieve kza2p < 0.01. In the cavities left
by ferrites (3,1) and (3,2), the coils are able to be placed almost
co-planar with the ferrite layer and therefore, the increased pad
thickness due to the overlap in this region is reduced.

Both the FFD and RFD were simulated under maximum
misalignment and WPTS5 rated volt-ampere conditions
(lbm=130 A rms). The internal ferrite |B| contour plots are
shown in Fig. 6. While the RFD has a reduced pad profile, the
reduced ferrite volume increases |B| and the amount of uneven
flux distribution within the core.

The reduced ferrite BPP design could be viable for a similar
WPTS IPT system with a lower airgap and higher coupling
(therefore less volt-ampere effort), or a system that is able to
actively cool the magnetics. For the requirements in this work
the full ferrite core BPP design is the best fit solution.

C. Ly, and Ly, Winding Overlap Techniques
As discussed in [9], [12], [18], and shown by Fig. 4(a)
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Fig. 7. Detailed FEA models of BPP VA L,, and L,, overlap methods.
Folded (a), woven (b).

TABLEV
WPT3/5 BPP VA CoIL OVERLAP METHOD COMPARISON
k1 2(emin Ak ey kaan Lya— Loy
Folded 0.123 0.105 <0.01 1.1 uH
Woven 0.122 0.103 <0.01 0.1 uH

through (b), and Fig. 7(a), the simplest method of overlapping
Ly, and Ly, to achieve k22 < 0.01 is to have one coil lay flat
against the ferrite core (Lb as per figures), and the other coil
(L2a) folded over the front.

An alternative method is shown in Fig. 7(b) where L,, and
Loy are each folded once below the other on either side of the
pad. Both coils are then woven together to lay flat against the
ferrite core along the center Y-axis of the pad.

Table V compares the magnetic behavior of the two coil
winding methods predicted by a detailed FEA simulation. The
results show little difference in coupling behavior. However,
there is a 1.1 pH self-inductance difference between the folded
and overlap method.

For a commercial system, the folded overlap technique may
be preferred due to its simplicity in mass manufacturing. The
difference in self-inductance could be mitigated by
intentionally mistuning both windings for the midpoint
between L, and Lo, or having two sets of tuning network
values.

For the prototype WPT3/5 BPP magnetics presented in this
work, the woven method was chosen to keep the L, and Loy
tuning networks identical and allow a similar winding current
and volt-ampere effort during WPTS5 operation.

D. Coupling Performance of Candidate BPP Solutions

Attempting to manipulate a viable WPTS5 solution to closely
resemble WTP3 specifications in SAE J2954 results in poor
performance under both charging conditions. The best
approach was to keep kioefimin and Akiper low during the
WPTS5 stage of the BPP design process (Fig. 5). As the WPTS5
GA and WPT3 UGA are both CP topologies, these desirable
coupling characteristics carry through to WPT3 operation.

Table VI shows the kmin and kmax positions and respective
coupling for the proposed BPP VA when operating over the
WPTS5 GA. The kiaetmin and Aki et performance meets the
WPTS5 specifications as per Table II. The system was tested
experimentally at both the kmin and kmax positions and results are
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TABLE VI
COUPLING FACTORS FOR WPT3/5 BPP VA
OVER WPT5 GA AND WPT3 UGA

WPTS5 GA
Position  (dx,dy,dz) (mm) ko k126 ki 2y Ak ety
Kinax (0,0,160) 0.163 0.162 0.230 0.106
Komin (-75,-100,210) 0.111 0.055 0.124 '
WPT3 UGA
Position (dx,dy,dz) (mm) kl.Za k1.2b k] 2(eff)
1 (0,0,160) 0.262 0.257 0.367
2 (-75,0,160) 0.331 0.113 0.350
3 (-75,-100,210)  0.191 0.069 0.203
dy (mm)
0 -12.5 =25 -37.5 -50 -62.5 -75 -87.5 -100
Position 1
d== 160 mm
1250k ,,=0.262
ko =0.257
ki 2 = 0.367
25 1.2(eff)
2-27 5
-50
Position 2 Position 3
d==160 mm d==210 mm
0251 ky,5,=0.331 k12,=0.191
ki2n=0.113 ky2n = 0.069
7 ki 2 = 0.350 ki 2 = 0.203

Fig. 8. Alignment map for WPT3/5 BPP VA over WPT3 UGA. Subfigure
shows a zoomed out overhead view of the magnetics (not to scale), and
highlights in the pink the quadrant/region depicted by the grid map.

presented in Section VII.

When the BPP VA is placed above the circular WPT3 UGA
with SCE assisted operation, the kmin and kmax positions no
longer correspond to the aligned and fully misaligned positions.
This is due to the poles of the BPP VA being offset to achieve
knun. Therefore, kmin and kmax Will change depending on which
BPP coil is chosen to transfer power over a given range of VA
alignments. Table VI demonstrates three VA alignment
positions which are of interest, and these are shown in Fig. 8.

Position 1 aligns the BPP VA over the UGA. This represents
a challenging operating point where both L,, and Ly, are highly
coupled to the UGA. If SCE were unavailable, both BPP coils
would receive power (i.e. the coupling of the system would be
ki1 2¢er)), which results in impractical system operation similar to
the single-coil WPT5 CP attempting to charge from the WPT3
UGA (as shown previously in Table III). This position is
investigated later in Section VII where the application of SCE
and the proposed control method demonstrates a significant
improvement in operating characteristics.

Position 2 represents another challenging operating point
where there is significant asymmetry in the coupling of L,, and
Ly, with the UGA caused by the dx misalignment as per Fig. 8.
Assuming SCE is available, selecting L;, would require a
higher power regulation effort (due to the higher coupling),
while selecting Ly, would require a lower power regulation
effort (due to the lower coupling). Both options are explored in
Section VII to compare how the loss is distributed throughout
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the magnetics and power electronics for each scenario.
Position 3 represents the operating point where the BPP VA
is fully misaligned from the UGA as shown by the green cross
in Fig. 8. Similar to Position 2, both L;, and Ly, exhibit
asymmetrical coupling to the UGA. However, the difference in
coupling is less significant and is lower in magnitude.
Position 2 better demonstrates a challenging operating point
with asymmetrical coupling and was preferred for experiments.

IV. POWER REGULATION METHOD ONE:
CONDUCTION ANGLE () CONTROL

For most WPT3 charging systems, power regulation can be
performed by conduction angle control (referred to as
a-control) of the GA active bridge. However, for the showcased
WPT3/5 interoperable system, GA side a-control is insufficient
to perform power regulation on its own (as demonstrated in
Section VI). Zero-Voltage Switching (ZVS) is also discussed
in the following sub-sections.

A. Conduction Angle (a-Control) Power Regulation

A diagram of the GA active bridge is shown in Fig. 9(a). The
CAS120M12BM2 MOSFET modules (S; through Si) are
shown with gate drive circuitry and parasitic capacitances
masked. Fig. 9(b) shows a diagram of the bridge voltage and
current waveforms (741 and Iy1) and marks the turn on currents
for S and S; (151(0n) and 1S3(on))-

The phase shift between S; and S; is referred to as the
conduction angle (a;). Controlling a; regulates power by
controlling the rms magnitude of the first harmonic component
of Vp1 which has been proven in previous literature [34]. In an
LCC system, this controls the magnitude of /; and hence the
volt-amperes in the GA magnetics [23], [35].

Ideally, o can be controlled from 180° down to almost 0° to
regulate power flow. However, there are practical limitations
which restrict the minimum «;. The main restriction is ZVS in
the active bridge.

B. Zero-Voltage Switching (ZVS)

Maintaining ZVS conditions for an active bridge over the
majority of its operating range is challenging for an IPT system,
but provides many benefits. Switching losses are reduced under
ZVS conditions (increasing efficiency), so less heat needs to be
dissipated, enabling cheaper switch modules and lowering heat
sinking requirements.

Hard-switching (non-ZVS) results in increased EMI, which
can interfere with signal processing and control circuitry
(additional shielding expense), and reduces the operational life
of the switch modules.

ZVS is most easily achieved when a; is close to 180°. As a;
decreases, the third harmonic content in /,; decreases and the
switch begins to transition under a higher fundamental
harmonic current [26], [28], [34], [36]. As such, it is difficult to
simply use a-control to regulate the power flow as a practical
inverter will begin to hard-switch. This causes excess loss and
EMI which is undesirable.

Despite this, hard-switching must be tolerated if volt-ampere
regulation is needed. It is critical to ensure that the allowable
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Fig. 9. (a) GA bridge showing output voltage, current, and output
impedance. (b) Timing diagram example of VA bridge lagging GA bridge
by 90° (¢ =-90°), GA and VA bridge conduction angles at 120° and 100°
respectively (o= 120°, a,= 100°) as per equation (16). Bottom plot shows
phase shift of GA bridge current /,; as ¢ is varied.

hard-switching currents are considered by choosing the most
cost-effective switches, ensuring good thermal design, and
considering proper EMI shielding.

V. POWER REGULATION METHOD TWO :
ACTIVE BRIDGE PHASE SHIFT (¢) CONTROL

An alternative or supplemental method to conduction angle
control (a-control) is to control the phase shift between the
switching actions of the VA and GA active bridges (¢-control).

Unlike a-control, which regulates the volt-ampere effort of
the GA and/or VA magnetics to regulate power, ¢-control
maintains near constant volt-amperes in the system.

Under g-control, the power factor of the IPT system, and
hence real power transfer, is managed by manipulating the
phase angle of the impedance observed by the GA and VA
active bridges. This comes at the expense of cycling a high level
of reactive power, which results in loss disproportionate to the
amount of real power transferred [24], [37].

The following sub-sections discuss the mechanisms of
p-control and demonstrate its ability to assist in maintaining
ZVS by controlling the reflected impedance of the candidate
WPT3/5 interoperable system.

A. Active Bridge Phase Shift (¢-control) Power Regulation

p-control manipulates the phase shift between the ac voltage
waveforms of the GA and VA active bridges, i.e. Vi2a and Vi
with respect to Vp as per Fig. 2 & Fig. 9(b). These phase shift
control variables are defined as @vbi vb2a and @b vuop.

@-control subsequently controls the phase shift of currents 1,
and L, with respect to /i, defined as 6nn. and 6o
respectively. As per (4) in Section II, this allows bi-directional
power transfer and power regulation [26].

In this work, when power is delivered by using both VA
active bridges, they are made to operate at the same ¢-control
angle (¢). Therefore, the phase of I, and I, with respect to [
will be almost equal and defined as 8. As the LCC-LCC system
is not perfectly tuned (because of parasitic reactance/resistance,
component tolerances etc.), @ will usually be a few degrees
lower in magnitude compared to ¢.

B. First Harmonic Analysis of Dual Active Bridge Loading

A first harmonic simplification of the LCC tuned system is
used to demonstrate the characteristics of the impedance
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reflected onto the GA active bridge and show how controlling
6 (via p-control), can improve ZVS performance.

A simplified electrical diagram of the GA system is shown
previously in Fig. 9(a), which depicts the output impedance of
the active bridge as Z, described by (15). The reflected
impedance of the VA system (Z») is represented by (16), and
the 85 kHz resonant impedance of the GA side LCC network
(XvL1etr) 1s shown by (17). This first harmonic simplification of
LCC-LCC active bridge loading is provided in greater detail in
previous works [39].

Zy, = Maetf o=i(6+90%)

(15)
Zor
Voca, Mol .
er — 1121 — w 1211 2 e](9+90) (16)
[Xvierel = 1 Xiceal = ljwLicral (17)

As discussed in the previous sub-section, 6 in (15) is directly
controlled by ¢, and therefore p-control can be used to control
the reactive loading of Zy1. From (15), (6 + 90°) will be greater
than 0° if -90° < ¢ < 0°. Therefore, capacitive loading will
appear on the GA active bridge. However if ¢ <-90°, inductive
loading will occur.

This control concept was first explored in [24] for a series
tuned system with dual active bridges, and was shown to
increase efficiency depending on coupling factor conditions.
This was later demonstrated in [25] using a matched (with an
identical GA and VA), LCC tuned system where the efficiency
of the system could be improved when power regulation was
required.

C. Advantages of @-control and @-Overdrive

As discussed in the previous sub-sections, in an LCC-LCC
tuned system, manipulating ¢ not only regulates power flow
and direction, but shifts the phase of Iy to either lag (with
inductive loading) or lead (with capacitive loading) Vy;. This
effect is shown in the Iy current plots of Fig. 9(b).

As ¢ is moved to -80° to regulate power flow, Iy; will begin
to lead V4 as the resulting Zy; in (15) becomes increasingly
capacitive, increasing /[si(n) (red plot in Fig. 9(b)). This results
in an increase in the hard-switching losses in the GA active
bridge. Moving ¢ to -80° limits the minimum «; that can be
used for conduction angle power regulation if ZVS operation is
required.

Another approach, referred to in this work as g-overdrive, is
to instead move ¢ past -90° with ¢ becoming increasingly
negative. An example is shown in Fig. 9(b) (the purple plot),
where ¢ = -100°. This has the same power regulation effect as
@ = -80°, except Ip1 will now lag V41, and Ision) Will decrease to
almost zero. This is demonstrated in the following sections to
be beneficial when moderate power regulation is required, such
as power class interoperability, as it allows a greater range of
a-control while maintaining ZVS.

VI. PROPOSED a + ¢-OVERDRIVE
CONTROL METHOD AND EXPERIMENT SETUP

As discussed in previous sections, dual-side control provides
flexibility in power regulation. For this work, three control
variables are used: a-control in both the GA and VA (a1, o)
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and g-control (p).

As discussed in Section II-E, SCE is used in cases where the
WPT3 UGA is present. kion is estimated based on I(efnm
readings and low bandwidth communication with the GA
control system. Consequently either Ly, or Lo, is selected to
transfer power while the other remains shorted.

The following sub-sections discuss how these three power
regulation control variables and SCE can produce a practical
WPT3/5 interoperable system. The control algorithm used to
derive the control input combinations is provided and the
experimental setup for the interoperable system verification is
presented (Fig. 10 and Fig. 11 respectively).

A. Limitations of GA Side a-Control

Table VII and Fig. 12 demonstrate why power regulation
using only GA side a-control cannot provide the power
regulation flexibility necessary for a WPT3/5 interoperable
system. Table VII column one states the GA rating (WPT3 for
the 10 kW UGA, WPTS for the 50 kW CP), while columns two
and three show the VA alignment position and coupling values
for each simulation.

The WPT3 simulation (Table VII Row 1 and Fig. 12 (a)),
aligns the BPP VA and UGA (as per Position 1 in Fig. 8), and
demonstrates WPT3 power transfer with only GA side
a-control power regulation with SCE disabled (and therefore
coupling is equal to kioem). The simulated results and

! (Obtain GA details via Use SCE to calculate
! wireless comms k120, k120, and ke

WPT3

Stage 1 :
Initialisation

Select either L, or Loy, Both L, and Ly, used

J J
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Fig. 10. Controller flowchart used to identify control input combinations.
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TABLE VII
PROPOSED BPP VA CHARGING FROM WTP3 UGA AND WPTS5 (GA SIDE a-CONTROL ONLY) PLECS SIMULATION CHARACTERISTICS*

GA  (dvdyds) Pou (o0, 02, ) Vae I b Ly Ty o o IS(GA 0,
Rating (mm) 20 (kW) © 2] (A) (A) (A) (A) (A) (A) ("X‘)"“ e
WPT3 (0,0,160) 0.367 10.5 (18,180,-90) 380 58.4 128.5 128.5 234.7 40.7  40.6 320.8 1.1
WPT5 (0,0,160) 0.230 50.1 (92,180,-90) 600 105.7 133.4 134.0 139.2 404 408 115.9 8.8

*Voare = 800 V
4x Keysight N8957A e damy 1000 ¢ Lion) Usyony 5. 1400
15 kW DC Supplies | Oscilloscopes and — L Smmaizyg g
i Power Electronics N
| ( 500 | 1200
= ; - A
>
=z 0 0o <
B |_| i =
-500 1-200
-1000 : : - : : -400
Al Shield with 0 05 1 L5
& WPT3/5 BPP VA Time (Tperiod)
— (a)
;\ Ty s 1000 1400
F HIOKI FT3470 SO 00 Is1(on Is30m) 200
. [——\— ——lﬂ"ﬂ”'—'“‘—.]IS.QA
Al. Backing Plate 1102: SII:iOe(l)dmm Z 0 / 10 $
= . \ l =
FEA Model of N I
BPP lmrlor 2500 f I | 2200
-1000 - + - + . + -400
0 0.5 | 1.5 2
Time (Tpenod)
(b)

WPT5GA |
|

(b)

Fig. 11. (a) Experiment setup with WPT3 UGA transferring rated power
to WPT3/5 BPP VA. (b) WPT3/5 BPP VA over WPT5 GA.

waveforms in Table VII show an unrealistic level of a-control
(a1), is required which results in an excessive bridge current
(Zv1) and level of hard-switching (/s(on)max), Outside reasonable
operating conditions of a WPT3 rated active bridge. The high
magnitude bridge current and high level of hard-switching is
depicted in the simulated waveforms of Fig. 12(a).

The high coupling also produces a loaded Q- factor that is
almost equal to 1, which presents similar issues to the example
given in Section II-F where a single-coil WPTS5 VA attempts to
charge from the WPT3 UGA. The unregulated volt-amperes of
the BPP VA also decreases system efficiency and this is
explored further in Section VII.

The WPTS5 simulation (Table VII Row 2 and Fig. 12 (b)),
aligns the WPT3/5 BPP VA over the WPT5 GA using GA side
a-control under high coupling conditions. The simulation
results and waveforms show it operates with high /; and
excessive Isommax. This results in high inverter losses, both
conduction and switching, and introduces significant EMI into
the system.

Section VII demonstrates how the addition of SCE (for
WPT3 operation), combined with oa+g-control, achieves
practical operating conditions for these otherwise inoperable
VA alignment and power transfer conditions.
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Fig. 12. Simulated ac bridge voltage (blue) and current (red) waveforms
as per Table VII. Green dashes mark S, and S5 switching transitions where
Is(on 1s recorded. (a) Sim 1 WPT3 GA active bridge (b) Sim 2 WPT5 GA
active bridge.

B. Proposed a+q@-control Experimental Combinations

Combinations of (a1, a2, @) control inputs can be used to
reduce hard-switching in both the GA & VA active bridges,
reduce conduction losses in both the magnetics and electronics,
and overall increase system efficiency when regulating power.

V4. on the GA can also be adjusted within its operating range
to regulate power. However, this work examines the extreme
operating conditions of the proposed system, where V4. will be
at its minimum value when power regulation is required.

PLECS simulations were used to test (ai, a2, @) input
combinations for WPT3 and WPTS operation. Table VIII lists
the combinations that were chosen to showcase the proposed
WPT3/5 BPP VA.

The scope of this work does not include a feedback control
system that derives optimal control input combinations. The
objective here was to demonstrate the effectiveness of the
control strategy and the combination of multi-coil SCE and
a+p-control with ¢@-overdrive to facilitate power class
interoperability. The feedback control uses a perturb and
observe method and the algorithm is described by the flowchart
shown previously in Fig. 10.

The control algorithm relies on feedback regarding output



This article has been accepted for publication in IEEE Open Journal of Power Electronics. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JPEL.2024.3514519

power (Pow), dc-dc efficiency (n4c-ac), and the switching
currents (Ison)), in the active bridges. The prototype active
bridges use a Current Transformer (CT) on the ac output (see
dotted lines in Fig. 2), as an over current safety feature. This
signal is also fed into the ADC of the bridge controller which
records Isen) in time with the output pulse width modulation
signals that drive the respective switches.

As the system is LCC tuned, this CT can be used to detect
changes in bridge current magnitude caused by changes in
coupling during charging. This may occur as an EFV is loaded
or unloaded and the ride height (dz) changes. The control
algorithm can compensate by readjusting the control input
combinations to achieve the required power throughput.

For the purposes of this work synchronization of the DAB
system was achieved using a wired connection which is also
used in relevant IPT literature [25], [30], [38]. Existing
literature demonstrates wireless synchronization methods
which would be suitable for this application [26], [31], [37].

Stage 1 and Stage 2 of Fig. 10 initializes the system under a
set of default control inputs (a1, a2, ¢) which are decided based
on the controllability of the GA, then (a1, oz, @) are incremented
until ZVS is achieved in the GA, or, in both the GA and VA.

Stage 3 fine tunes the (a1, a2, @) combination to operate the
system near a ngcdc local maximum while maintaining ZVS,
and Stage 4 checks the system is operating at the desired power
level.

TABLE VIII
CONTROL INPUT COMBINATIONS CHOSEN
FOR EXPERIMENTAL VERIFICATION OF PROPOSED WPT3/5 BPP VA

This flowchart was used to derive the (a1, 02, @) control input
combinations for the experiments in Tables VIII and IX which
demonstrate the atgp-control method when ¢ is driven
past -90°.

C. WPT3/5 BPP VA Experiment Setup

The experimental setup is shown in Fig. 11, which makes use
of an automated IPT pad alignment system. Four Keysight
N8957A 15 kW DC supplies are connected in parallel and
source up to 60 kW of power. A Regatron G5.54.1000.162-
RSS-22078 is used to model the 800 V EV battery (Vpar) and
can sink up to 54 kW of power.

The maximum leakage flux was measured by a HIOKI
FT3470 leakage flux probe (see bottom of Fig. 11(a)), for
WPT3 and WPT5 worst case leakage flux conditions.
Component values for the tuning networks and prototype
magnetics are displayed in Table X with respect to Fig. 2.

VII. EXPERIMENT RESULTS AND DISCUSSION

The WPT3/5 interoperable BPP VA system presented in this
work was prototyped and tested in a laboratory setting. The
experiments demonstrate the proposed interoperable BPP VA
can receive rated power from a WPT3 UGA and WPT5 GA
under aligned and misaligned conditions while meeting design
specifications.

All measured results are summarized in Table IX and are
discussed in the following sub-sections. For the WPT3
experiments, EX1 through EX3 demonstrate dual-sided
o-control, while those with a “P” suffix (EX1P through EX3P),
demonstrate the same experiments but using the a+gp-control

WPT3 method. For the WPTS experiments, only EX5 and EXS5P

Experiment ki Ve V) @ % 4 require power regulation.

EX1 0.113 (k1.20) 380 120° 92° -90° To examine the effectiveness of the atg-control method,

EX2 0.331 (k120) 380 120° 28° -90° Table XI provides an approximate breakdown of the losses in

EX3 0.262 (k.20) 380 120° 36° -90° the system for WPT3 experiments EX1P, EX2, and EX2P.

EX1P 0.113 (k1) 380 120° 115° -120° . . . .

EX2P 0331 (k1o 380 120° 20° 1350 Fig. 13 provides oscilloscope captu.res showmg the turn on

EX3P 0262 (k1.0) 180 120° 580 -140° current (Is(().n)) for each leg of the main active bridges for these
WPT5 three experiments.

Experiment Fuaem Vie (V) ” o p Table XII also provides a loss breakdown of the WPTS5
EXA4 0124 300 180° 180° 90° maximum coupling experiments EX5 and EX5P to demonstrate
EX5 0.230 600 1200 110°  -90° the improvements provided by the a+g-control at high-power.
EXS5P 0.230 600 130° 130° -120°

TABLE IX
EXPERIMENTAL RESULTS FOR VERIFICATION OF PROPOSED WPT3/5 BPP VA (SEE TABLE VIII FOR CONTROL INPUTS)
WPT3

Bxperiment (o Mk SCE L) B B WA k@) kA Is«ﬁ,_i A) IS(ﬂVm,_i w e
EX1 9.70 88.0 Loy 59.7 - 95.6 39.4 63.1 25.7 35.0 18.8 4.1
EX2 10.15 89.0 Lo, 59.2 33.8 - 40.5 63.7 19.9 375 67.5 4.4
EX3 10.79 89.5 Ly, 60.4 43.6 - 43.0 52.5 50.0 413 41.2 2.8

EXI1P 9.54 88.5 Loy 53.5 - 111.3 37.3 57.5 17.7 8.8 8.0 43

EX2P 9.96 92.4 Lo, 48.7 46.3 - 45.0 51.9 17.0 -58.8 20.0 2.7

EX3P 10.42 93.1 Lo, 47.7 64.7 - 48.4 40.3 40.4 -68.3 -88.4 24
WPTS5

Experiment (ﬁ% ’?‘1%3 SCE  NL(A) LA (A (A Iea(A) I (A) Is<o_n>,_(i:(A) Is<o_n>,_\i:(A) BI(Mk(Tm))
EX4 49.15 940 L, 1989 131.6 1324 75.2 483 29.8 738 -38.8 12.3
EXS 50.47 932 Loap 129.1 111.2 111.4 113.9 44.5 45.7 50.0 315 6.1

EXS5P 50.44 93.9 Loan 123.7 121.7 121.7 127.4 40.2 39.9 -162.0 -44.2 5.1
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TABLE X
MEASURED COMPONENT VALUES/PARAMETERS (SEE FIG. 2)
FOR WPT3 AND WPTS EXPERIMENTS

WPT3 UGA WPT5 GA BPP VA
L, 40.5 uH L, 18.0 uH Loan 25.2 uH
Ll(lead) 1.3 HH Ll(lead) 2.0 HH LZa/b(lemd) 0.7 HH
Cis 122 nF Cis 263 nF Cos 228 nF
Cip 356 nF Cip 520 nF Cyp 342 nF
Licui 12.3 uH Licui 7.5 uH Licia 10.7 pH

A. Loss Estimation Methods

Tables XI and XII estimated losses are based on a
combination of device and material datasheets, and LCR
measurements. The Equivalent Series Resistance (ESR)
measured from the LCC capacitor tuning boards (made up of
TDK COG ceramic capacitors), has been demonstrated to be
reasonably constant with temperature and provide accurate loss
estimations [40]. For the LCC tuning inductors and IPT
magnetics, the ESR information provided by the LCR meter
captured the coil winding losses which was supplemented by
FEA predicted magnetic core losses under power transfer
conditions.

The conduction and switching losses within the CAS120
switch modules while operating at a switching frequency of
85 kHz were estimated using lookup tables derived from the
device datasheet. The case temperature of the modules was
measured to estimate the junction temperature to provide a
more accurate estimation.

The most significant error in these loss estimations is
attributed to the estimated magnetics losses being roughly 20 %
lower than what would be measured using a power analyzer
[41]. For the purposes of this work the trends in these estimated
losses agreed with the overall predicted shift in system
efficiency observed by the experiment results.

B. BPP VA to WPT5 (50 kW) GA Experiment Results
EX4 demonstrates the BPP VA transferring 50 kW of power

TABLE XI
ESTIMATED LOSS (W) BREAKDOWN FOR WPT3 EXPERIMENTS
GA Losses EX1P EX2 EX2P

Switching 84.8 125.2 68.6
Total Bridge 129.2 177.7 133.5
Magnetics 120.3 147.2 99.6
Tuning Network 22.6 23.8 20.4
Total 272.2 348.6 253.5

VA-A Losses
Switching - 442.0 309.4
Total Bridge 168.6 573.5 396.5
Magnetics - 343 64.3
Tuning Network 54.1 51.7 354
Total 222.6 659.5 496.2

VA-B Losses
Switching 85.0 - -
Total Bridge 95.2 46.2 38.7
Magnetics 371.7 - -
Tuning Network 35.6 8.5 5.8
Total 502.5 54.7 44.5
Estimated Loss 997.3 1062.8 794.1
Measured Loss 1240.0 1250.0 820.0
Measured Efficiency 88.5 % 89.0 % 92.4 %
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under worst under maximum misalignment and ground
clearance ((dx,dy,dz) = (-75,-100,210) mm). Under these low
coupling conditions power regulation is not required, however,
both the GA & VA active bridges are synchronized with
@ = -90°. The measured efficiency is 94.0 %, which is
comparable to the 94.9 % efficiency of the synchronized WPTS5
CP-CP system [37].

Under maximum coupling ((dx,dy,dz) = (0,0,160) mm),
hard-switching occurs in experiment EXS5 if only a-control
power regulation is used (/sommax as per Table IX). EXSP adds
a+p-control which ensures ZVS on both the GA and VA and
improves system efficiency by 0.7 %. This can be observed by
considering the loss breakdown of the two experiments
provided in Table XII, which shows a significant reduction in
switching losses in the VA active bridges.

The maximum leakage flux adjacent to the experiment
(Bieak(max)), measured as per Fig. 1 was approximately 12.1 pT
and aligns well with the FEA predicted 12.3 pT as per Table IX
(see Appendix for supplemental media demonstration).
WPTS EX5P shows a decrease in Bieakmax) When compared with
WPTS EXS, which shows a+g-control also reduces leakage
flux in addition to increasing system efficiency.

These results show the proposed system can operate at the
WPTS power class, while Table XIII compares this
performance against existing high-power IPT systems in the
literature. Comparing the WPTS5 operation of the proposed
interoperable system with the referenced 50 kW single-coil
system (which guided the design boundaries in Section II of
this article), shows the proposed BPP VA operates with
comparable efficiency and functionality.

The key benefits of the proposed system are in its wireless
power class interoperability functionality. Its low-power
operation is discussed in the following sub-section.

C. BPP VA to WPT3 (10 kW) UGA Experiment Results

EX1/1P both demonstrate the BPP VA under misalignment
at (dx,dy,dz) = (-75,0,160) mm (Fig. 8, Position 2), while
transferring full power via Ly,. This demonstrates a scenario
where low coupling (ki 2, = 0.113) is selected via SCE and less
power regulation effort from the VA electronics is required.

Under the same misalignment, SCE may alternatively
transfer power through the highly coupled Lz, (ki2. = 0.331)
which is shown by EX2/2P. This requires more power

TABLE XII
ESTIMATED LOSS (W) BREAKDOWN FOR WPTS5 EXPERIMENTS

GA Losses EX5 EXSP
Switching 3443 242.3
Total Bridge 749.0 731.7
Magnetics 389.9 383.5
Tuning Network 313.8 328.1
Total 1452.7 1443 .4

VA Losses (Combined)

Switching 549.1 195.5
Total Bridge 678.7 305.5
Magnetics 706.3 848.9
Tuning Network 288.9 282.4
Total 1673.9 1436.8
Estimated Loss 3126.5 2880.2
Measured Loss 3670.0 3294.0
Measured Efficiency 93.2% 93.9%
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Fig. 13. Oscilloscope switching waveform captures for: WPT3-EXP1P GA active bridge (a)(i) and VA active bridge (a)(ii). WPT3-EXP2 GA active bridge
(b)(1) and VA active bridge (b)(ii). WPT3-EXP2P GA active bridge (c)(i) and VA active bridge (c)(ii).

regulation from the VA active bridge but reduces the
volt-amperes in the magnetics.

Comparing the EX1/1P and EX2/2P results in Table IX
show a+¢ control is able to increase efficiency by 0.5 % under
low coupling, while selecting high coupling produces a larger
efficiency increase of 3.4 %. The reduced effectiveness of
o+p-control in EX1P is due to the high /s circulated through
the shorted active bridge A (/2a), which is largely unaffected
by the control effort on the active coil La,. The high coil current
(I2v), and therefore high volt-amperes in the VA magnetics,
cause the magnetic loss to dominate the breakdown of EX1P as
shown in Table XI. This is a practical example of the challenges
faced when attempting to operate over such a power class range
(WPT3 to WPTY).

The results suggest selecting the higher coupled L, (EX2P),
produces a more efficient system at the expense of a higher
control effort by reducing the hard-switching in the GA and VA
active bridges. Fig. 13 (b)(i) and (c)(i) shows the addition of
@-control under high coupling reduces the switching losses by
manipulating the output impedance of the GA active bridge.
This reduces /sn) Without any change to conduction angle a;.

Comparing Fig. 13 (b)(ii) & (c)(ii) also shows a reduced Is(on)
in the VA active bridge, where the added power regulation of
the g-control allows less a-control, which further lowers the
switching losses.

Comparing the EX1P and EX2P results also demonstrates
the predictability of the required control inputs to achieve rated
power transfer. Operating with a lower coupling (EXI1P),
requires less a-control (i.e. a higher conduction angle), and
requires less g-control to lower the switching currents in the
active bridges. The opposite behavior is observed in EX2P
which requires a higher control effort to account for the
increased coupling. This predictability of the system is used to
select the initial control input combination in Stage 1 of the
control flowchart shown previously in Fig. 11.

Experiments EX3/3P investigates the BPP VA when it is
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centered over the UGA ((dx,dy,dz) = (0,0,160) mm), as shown
previously in Fig. 8 as Position 1. As discussed in Section II-F
and Section VI-A, this alignment position is virtually
inoperable using only VA or GA side power regulation due to
the high coupling and the volt-ampere mismatch of the UGA
and VA.

EX3 demonstrates that with SCE and dual-sided a-control
the system can now operate at the aligned position, however,
the hard-switching in the active bridges (Isonymax) 1S still
excessive and the efficiency (#dc.ac) is below 90 %.

EX3P applies a+¢-control, and enables ZVS in both the GA
and VA active bridges to improve the system efficiency by
3.6 %. This demonstrates the effectiveness of the proposed
combination of SCE with a+¢-control to facilitate WPT3
operation of a WPTS5 rated multi-coil VA.

Table XIII compares the WPT3 power transfer performance
with existing low-power IPT systems in the literature, and
demonstrates comparable system efficiency under similar
operating conditions.

Leakage flux under WPT3 operation for EX1 was measured
at 3.9 uT which agrees with the FEA predicted 4.1 uT (see
Appendix for supplemental media demonstration). In general
the results show that a+g-control will decrease leakage flux,
with exception of WPT3 EX1 and WPT3 EX1P, which is due
to the SCE choice.

VIII. CONCLUSIONS

This article presents an SAE WPT3/5 (10/50 kW) power
class interoperable multi-coil BPP VA with a dual-side control
strategy for IPT charging of EVs. Challenges associated with
operation over a wide range of power classes are discussed and
recommendations are made how they can be addressed through
multi-coil magnetics design, selective coil energization, and
power control strategies.

Experiments demonstrated the proposed interoperable BPP
VA charging at rated power from an SAE J2954 WPT3 UGA
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TABLE XIII
COMPARISON OF PROPOSED WPT3/5 SYSTEM WITH EXISTING LOW-POWER AND HIGH-POWER IPT SYSTEMS
o Power Tuning Magnetic Efficiency Alignment Airgap
Institution Level (kW) Topology Topology Ndc-de (%0) dx,dy (mm) (dz) mm Year
Low-Power Systems
NPU, [42] 7 LCC DDP 93 (0,0) 200 2014
ORNL [43] 12 Series-Parallel CP 95 (0,0) 162 2016
WiTricity [44] 3-11 Various Cp 91-93 (0,0) 100-250 2016
ORNL [45] 11 N/A BPP 92 (0,0) 150 2016
SAE [1] 3-11 Various CP,DDP > 80-85 (£75, £100) 100-250 2020
Proposed System 10 LCC BPP 92-93 (£75, £100) 160-210 2023
High-Power Systems
. 95 (+100,0)
ETH [8] 50 Series CP,DDP 9% 0.0) 160 2016
UoW, UoC [46] 50 LCC-Parallel DDP 89 (0,0) 200 2019
50 . 95 (0,0)
ORNL [13] 10 Series 3-Phase 37 (£100, £100) 170 2020
ORNL [47] 50 LCC 3-Phase 94 (0,0) 150 2021
ZJU [14] 50 Series 3-Phase 95 (0,0) 160 2021
95 (£75, £100) 210
UoA [32],[37] 50 LCC CP 04 0.0) 160 2022
94 (£75, £100) 210
Proposed System 50 LCC CP,BPP 94 (0,0) 160 2023

and WPTS5 CP developed in previous works. Low coupling and
high coupling power transfer conditions were used to
demonstrate the functionality of the proposed a+g-control
method with selective coil energization.

Results demonstrate an efficiency increase of 3.6% and
0.7% at WPT3 and WPTS rated power transfer levels
respectively.

APPENDIX

Supplemental media provides a video demonstration which
can be found at https://youtu.be/6k2rvpkO-Zk, which
demonstrates the WPT3 EX1 and WPT5 EX1 system operation
and measured leakage flux.
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