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Abstract—Inductive Power Transfer (IPT) is becoming in-
creasingly popular in stationary and taxi rank electric vehicle
(EV) charging with many pad topologies available. Multi-coil
topologies such as a bipolar pad (BPP) or double d quadrature
pad (DDQP) are particularly suited as the primary pad due
to the pads’ interoperability characteristics and ability to couple
power with wider tolerances. Appropriately designed IPT systems
that can transfer power with good efficiency within leakage flux
limits is a particular concern to manufacturers as standards
restrict the field levels which users are allowed to be exposed
to and EV manufacturers prefer smaller secondary pads. BPPs
have been shown to be interoperable with both polarized and
non-polarized secondary pads and this paper focuses on such
a primary coupling to Double D pad (DDP) secondaries in
locations requiring much wider tolerances than fixed parking
lots. This paper shows that leakage flux is heavily influenced
by the proximity of the energized coils in the primary and that
leakage reductions of up to 50% are possible if a BPP is used
and coils are appropriately energized when delivering 3.3 kW in
misaligned conditions. It also shows that a secondary regulator
is needed to improve both the efficiency and leakage flux.

Index Terms—Inductive power transfer, magnetic pad, leakage
flux, coupling, Q2, shielding, optimisation.

NOMENCLATURE

Cp Secondary parallel tuned capacitor.

Cs Secondary series tuned capacitor.

I1 The current which energizes the primary coil.

IAC AC current after tuning.

IDC DC output current of the batter load.

Iin,DC Input DC current to the primary power supply.

ISC Secondary coil RMS short circuit current.

k Coupling factor between the primary and sec-

ondary pads (additional sub notations are listed

below).

k12 k when both BPP coils are energized.

k1a2 k when only BPP coil 1a is energized.

k1b2 k when only BPP coil 1b is energized.

kc Calculated k.

km Measured k.

knp k when both BPP coils are driven in phase.

kp k when both BPP coils are driven out of phase.

ks Simulated k.

kshielded k when primary and secondary pads have ad-

ditional ground and vehicle shielding (a lack

of this sub notation indicates that no external

shielding is considered).

PPL Power per unit leakage (W/μT).

Q Circuit quality factor.

Q2 Secondary circuit quality factor.

RL Secondary equivalent load.

R′
L Secondary equivalent load as seen by the tuned

circuit.

S1 Total volt-amps across the primary pad (regard-

less of number of coils).

S1a Volt-amps across coil 1a of the BPP primary

pad.

S1b Volt-amps across coil 1b of the BPP primary

pad.

S2 Volt-amps across the secondary pad (with tun-

ing and load).

S2U uncompensated VA of the secondary coil.

VAC AC voltage after tuning.

VDC DC output voltage of the battery load.

Vin,DC Input DC voltage to the primary power supply.

VOC Secondary coil RMS open circuit voltage.

XLS Leakage flux along X axis (or Y if indicated)

with additional shielding (shares sub notation

principals as coupling factor).

XLN Leakage flux along X axis (or Y if indicated)

without additional shielding (shares sub nota-

tion principals as coupling factor).

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a method of delivering

power across large air gaps [1]–[3] without the use of a

physical connection. Typical uses of IPT can range from low

power applications such as cell phone and laptop charging,

and medical implants [4]–[6], to high power applications such

as automated guided vehicles (AGV) and electric vehicle (EV)

charging [7]–[10].

The most popular implementation of IPT for EV charging

applications, is to energize a primary pad (or track) which

is either buried or placed on the ground and coupled to at

least one secondary pad [9], [11], [12]. There exists two main

types of pads, non-polarized and polarized, and each type

is associated with different topologies. A circular, or square

shaped pad is defined as non-polarized given the flux generated

creates a pole in the middle of the pad and a pole of opposite

polarity outside of the coil surrounding it in all directions [13],

whilst the solenoid and double D pads (DDP) are considered

polarized since the flux is generated from a pole at one end of

the pad a pole of opposite polarity at the other end [9], [14].

Recent magnetic developments also include multi-coil pads

(MCP) which can be used to generate either non-polarized,

polarized, or two phase fields, based on the phase and mag-

nitude of the current in each coil [7], [11]. An acceptable k
[15] in an IPT charging system is nominally in the range of

0.1− 0.25 to reduce the magnitude of the change in reflected

impedance whilst aiding power transfer [16]. Variations caused
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by manufacturing and production may cause ks outside of the

desirable bounds.

Typical wireless EV charging platforms often make assump-

tions regarding the magnetic pads which can be implemented

in practice. These include the dimensions of the primary

and secondary pads, their topologies, and potential operating

heights. These factors vary depending on the EV manufacturer,

as some prefer non-polarized secondary pads due to their

naturally low leakage when perfectly aligned at low air gaps;

while others prefer polarized pads due to their higher couplings

and quality factors for similar pad areas, resulting in lower

losses [17]. Polarized pads are also more suited to higher air

gaps and still have similar leakages to circular pads if the

misalignment is large.

One of the limitations of modern IPT systems is the restric-

tion on leakage flux to which people may be exposed when the

system delivers power. The International Commission on Non-

Ionizing Radiation Protection (ICNIRP) have set limits for

both public and occupational exposure at 27 μT and 100 μT
[18]. Consequently, methods have been proposed to reduce

the leakage flux produced by IPT systems by modifying the

magnetic structures of pads [19], [20].

In design optimisation of wireless chargers, it is common to

make an assumption that the designers can dictate the sizes and

topologies of both the primary and secondary pads [21]–[23].

However this is not usually the case in practice as different

manufacturers choose specialised designs for different vehicles

and even if similar topologies are used, sizes can vary with

vehicle type and power demand. An additional complication is

a push for mismatched primary and secondary pad sizes due to

limited space on the vehicle and variations in ground clearance

between vehicle manufacturers [17], [24]. A smaller secondary

pad also means less weight for an EV; however this requires

a larger primary pad to be tolerant to parking displacements.

Ideally a primary pad design should be capable of tol-

erating various secondary pad topologies and sizes to best

accommodate multiple EV manufacturers demands which may

emerge in the future. This paper uses a multi-coil BPP as the

primary pad due to its interoperability [11], [17]. A smaller

polarized secondary pad is used as an evaluation tool to show

that the leakage flux, which is normally higher when the

primary and secondary pads are misaligned, can be reduced

without degrading the power output demands by exploiting the

decoupled nature of the BPP. It is noted that similar results

arise if a non-polarized secondary pad topology such as a CP

is used, but this additional evaluation is beyond the scope

of this paper. One of the primary goals of this study is to

determine how the decoupled nature of the coils in a MCP

can be manipulated to achieve wider tolerances in parking

at lights and roadways and the impact that this has on the

leakage flux. Consequently, the DDP secondary is sufficient

for this analysis.

The primary pad’s size was chosen to be capable to deliver

a large range of powers within commercially expected toler-

ances. At present there is a push to restrict the displacement

of the secondary pad to X = ±75 mm along the direction of

travel and Y = ±100 mm laterally [25]. The secondary pad

size was originally designed to operate at 7 kW output within

the displacement limitations of (75, 100) mm in the X and Y

axes shown in Fig. 1.

For a taxi rank situation where there is one primary pad

per vehicle, misalignment of one EV may cause the adjacent

vehicles to be parked further off centre, and this situation

is likely worse if the application involves providing power

to charge an EV when paused at traffic lights. Thus, in this

work, a maximum displacement of (±250, 100) is evaluated

for the X and Y displacements at a coil to coil air gap of

105 mm (This gap is common for ground clearances of small

vehicles). In this case, due to severe misalignments of interest,

the ks will decrease significantly. Thus the full output power

for a secondary system designed to operate with misalignment

limits of (±75, 100) is not feasible, and the EV might expect a

lower charging rate by as much as 50%. Since the primary and

secondary pads are symmetric along their centres, the results

are unchanged in each quadrant, thus the conditions of this

investigation are limited to evaluations when the two pads are

aligned and centred, or misaligned at (−250, 100) mm. In this

case, the areas of concern are labelled as XL and YL in Fig. 1,

with specific notations explained later in this paper.

Magnetic simulations performed in software packages such

as JMAG® or Maxwell® have been shown to be reliable

when simulating features such as k and inductances of coils

[11], [17], [24]. Leakage fields can also be accurately simu-

lated and this paper will present validations between JMAG

simulations and a practical system.

Various studies have looked independently into the oper-

ation of parallel and series tuning topologies of secondary

pads [26]–[31]. However such studies focused on cost and

efficiency of the overall system. This study re-looks at these

tuning topologies to determine if the tuning topology of the

secondary pad has any effect on the leakage flux and if so,

the significance of these effects when using a multi-coil BPP

primary. This is particularly important given each primary pad

must suit a range of supplier secondary topologies and cannot

restrict designs.

This paper firstly presents the basic IPT equations and

pads which are used, as well as explanations as to why

the evaluated system was chosen. Real life implications such

as flux restrictions, external shielding and maximum circuit

operating points are introduced and the effect of the secondary

pad on the leakage flux is quantified. The design decisions for

the magnetic topologies, including simulated coupling profiles

and misalignment constraints are also explained. Practical

validations are then performed for various operating conditions

and compared with simulation results to show that JMAG

Designer is a reliable tool for simulating magnetic flux density

with non-linear materials. Further simulations are then per-

formed to look at the performance of existing pads at higher

power levels. Real life restrictions and limitations of these

pads are then discussed. Finally conclusions on the findings

and possible improvements are presented.

II. IPT FUNDAMENTALS

An IPT system is characterised by certain features such as

k, I1, and the inductances of each coil in the primary (L1)
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Fig. 1. An example of (a) an aligned (0,0) system, (b) a slightly misaligned (-250,0) system, and a (c) a large misalignment at (-250,100).

and secondary (L2) pads (where the primary and secondary

pads have one coil each). Using these features, basic formula

are derived which describe the S2U, the secondary circuit Q

(Q2), the output power (Pout), and the efficiency (η) of the

system (Fig. 2).
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Fig. 2. (a) A typical IPT system with rectification, filter and optional control.
(b) depicts the LCL tuning which is used in practice for the primary pad, and
(c) shows the secondary controller used to control the parallel tuned pad in
practice.
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The factors which impact the S2U coupled to the secondary

of an IPT system are shown in (1). The key variables in this

equation are: the operational frequency ω, k, and S1. This

is expressed as either a product of the primary voltage and

current V1I1, or as the product of the current through the

primary inductance ωL1I
2
1 . In practice, pads have limitations

on the voltages allowed across the inductor terminals in order

to avoid arcing or corona effects (which the designer must

account for by ensuring that the chosen materials are rated for

their application under worst case conditions), and therefore,

it is important to design the magnetic pads of the system

to have appropriate inductances without a significant reliance

on compensation to reduce the reactances for the power

electronics to drive.

Fig. 2(a) shows the topology of the primary inverter and

tuning which was used in practice to validate the results.

Here, an H-bridge inverter was chosen with an LCL tuning

topology shown in Fig. 2(b) (which is a parallel tuned circuit)

since it acts as a band pass filter which provides a continuous

sinusoidal primary current with low THD. Furthermore, the

phase difference between the two legs of the H-bridge is fixed

at 120◦ and any changes in current amplitude is controlled by

varying the input DC voltage [32], [33] when an active PFC

with voltage control is placed at the front end of the inverter.

This means that the voltage coupled into the secondary pad is

also sinusoidal with low THD. While both series and parallel

tuned secondary topologies were initially validated at 1 kW
without a secondary regulator, practical validations at 3.3 kW

were also undertaken with a parallel tuned secondary with the

switching controller and filter shown in Fig. 2(c). Here, the

equivalent load seen by the tuned circuit (RL) is controlled

using an impedance converting network comprising a bridge

rectifier and either a buck or boost converter depending on the

tuning network of the secondary pad. For practical validation,

RL can be either an AC load resistor used to sink power, or

an equivalent AC load presented by the impedance converting

network charging a battery [34] as seen in 2(a) and (c), or

Fig. 3. Not shown in these diagrams are the interfacing circuits

to control the switches, nor any safety features and sensors

such as current transformers.

When comparing two systems, it is desirable to ensure that

the systems have similar traits such as S2U transferred to the

secondary. In this case, V1I1, and the combined ωL1 may be

allowed to vary. However there are caveats to increasing any

one of these parameters. For example, the nominal operating

frequency allowed for EV charging is 85 kHz, but is allowed

to vary between 81.38 − 90 kHz [35]. In this range of

frequency, the S2U needs to remain constant in order to limit

the maximum circuit Q2 needed to achieve the desired output

power, and thus control the losses in the power electronics.

The worst case scenario is when the frequency rises from

81.38 to 90 kHz, which is an increase of 11%. This means



2332-7782 (c) 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TTE.2016.2630922, IEEE
Transactions on Transportation Electrification

4

that I1 needs to decrease by 5%; however, if k and L1 remain

constant, V1 will increase by 5%. In terms of the design of

the magnetics, this increase in voltage must be accounted for

to avoid unwanted effects as mentioned earlier. The associated

change in current (at a fixed 85 kHz operating frequency) will

also affect the leakage flux and will be investigated later in

the paper.

A. Tuning topologies

Fig. 3 shows a simplified secondary loading with no rectifier

or control. Here, the output voltage and current are dependent

on the resistive loading, which controls Q2. This is convenient

for initial testing where a DC output (and therefore recti-

fication) is unnecessary. For a perfectly compensated series

tuned topology shown in Fig. 3(a) Icoil = IAC, whereas for a

parallel tuned topology shown in Fig. 3(b) Vcoil = VAC. As

such, VAC = VOC for series tuned systems, and IAC = ISC
for parallel tuned systems. This means that for a series tuned

system, a high open circuit voltage (VOC) is desired, and for

a parallel tuned system, a large short circuit current (ISC) is

required, where:

VOC = jωkI1
√
L1L2

ISC = kI1

√
L1

L2

(5)

Cs
RL L2

CP
RL

IAC IAC

VAC

VAC

Vcoil Vcoil

(a) (b)

L2

Fig. 3. (a) A series tuned, and (b) parallel tuned secondary pad with simplified
loading.

Since VOC increases with a higher secondary inductance,

and ISC increases with a lower secondary inductance, two

secondary DDPs with the same copper volume were wound.

One with two turns (4.6 μH), or another with seven turns

(50.17 μH) for the parallel and series topologies, respectively.

If the k between the energized primary and coupled sec-

ondary coils are low, then the required Q2 to deliver the

desired output power will be high. This circuit quality factor is

also important because it affects both the magnetic efficiency

and the sensitivity of the system to component tolerances [1],

[2]. Together with ISC, it determines the magnitude of the coil

current (Icoil) for parallel and series tuned systems, as shown

below:

Icoil,p = ISC

∣∣∣∣
(
1− RL

−ω2CpL2RL + jωL2 +RL

)∣∣∣∣ (6)

Icoil,s = ISC

∣∣∣∣ jω2CsL2

j (ω2CsL2 − 1) + ωRLCs

∣∣∣∣ (7)

and if the secondary pad is perfectly compensated:

Icoil,p = ISC

√
Q2

2,parallel + 1 (8)

Icoil,s = ISCQ2,series (9)

These equations show that a parallel tuned circuit will

always have a slightly higher coil current than a series tuned

system. However as Q2 increases such that it is much greater

than one, then the difference between a parallel and series

tuned secondary pad will converge.

B. Secondary circuit quality factor Q2

The output power is limited by the design of the primary

and secondary pads since the uncompensated secondary volt-

amps (S2U) is directly related to I1 and k with maximum

Pout = Q2S2U. In practice, I1 is limited by the type and

volume of copper with which the pads are assembled. The

pads investigated in this work used 24 A litz wire. As noted

earlier, the series tuned pad was designed using seven bi-filar

windings (where bi-filar winding is achieved by two parallel

windings in each coil so a lower inductance is possible for the

same copper area), resulting in maximum Icoil = 48 A. The

parallel pad has two turns of seven-filar windings, allowing a

maximum Icoil = 168 A.
One of the limitations of Q2 is caused by the battery ratings.

For a typical output power of 3.3 kW, the vehicle battery is

assumed to be rated at 300 V/11 A DC. Taking the rectifier

conversions into account [36], this factor is equal to π/(2
√
2)

for voltage or its inverse for current. This means that for a

series tuned secondary, the open circuit voltage VOC must

be greater than 333 V, therefore, Q2 is equal to 48/ISC.

Similarly, the parallel tuned secondary must have a short

circuit current ISC ≥ 9.9 A, thus the secondary circuit Q2

is equal to 300/VOC.
Factors such as component ratings and tolerance may further

limit the maximum Q2 as higher quality factors will increase

the sensitivity of the system to small changes in inductance

or tuning. Additional methods of control such as the use of

current or voltage doublers can also change this limitation.

III. MULTI-COIL PRIMARY AND DDP SECONDARY PADS

As discussed earlier, this paper uses a multi-coil BPP as

the primary pad to couple to one of two available mismatched

and misaligned DDP secondaries (Fig. 4). The primary BPP

was sized as 700× 520 mm with six quad filar windings, and

the secondary DDP has dimensions of 340 × 260 mm with

either two or seven turns. These sizes were chosen based on

the recommendations for stationary EV charging by the SAE

J2954 standards committee [25].
In this study, the two independent coils in the primary BPP

were labelled as coils 1a or 1b (Fig. 4). The DD coil in

the secondary DDP is referred to as coil 2. This paper also

assumes only one primary pad on the ground will couple to

the pad on the vehicle at any time, as shown in Fig. 1. This

is the most likely charging scenario and helps to simplify the

study and control the length of the paper.
The specific dimensions of the BPP and DDP are shown

in Fig. 5 and values are presented in Table I where the coils

(indicated by yellow and light blue areas) are made of copper,

the ferrite (represented by the dark grey area) comprises

EPCOS N87 ferrite, and the aluminium is shown by the light

grey area.
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TABLE I
DIMENSIONS OF THE BPP AND DDP PADS USED IN THIS STUDY IN mm.

DDP BPP DDP BPP

L1 340 700 C2 45 72

W1 260 520 C3 56 700

W2 200 250 H1 4 4

W3 69 214 H2 10 10

W4 - 172 H3 8 8

C1 170 430 H4 6 4

A. Pad operation, coupling and misalignment

One of the advantages of the BPP is its ability to energize

each coil individually [11]. This allows the generation of either

polarized or non-polarized magnetic fields simply by driving

each coil out of, or in phase, respectively. The coils in the

primary are also completely independent and therefore either

one can be turned off (or disconnected) without impacting the

tuning or operation of the other coil. If the k between it and

the secondary pad is low (k < 0.01) due to the secondary

pad position, then the associated coil would be switched off.

A method of detecting the position of the secondary pad

is introduced in [37]; however, this is outside the scope of

this work and is a basis of a separate publication. Each

coil can also be energized with different non-zero currents

at various phases [7]. The primary pad size was chosen

to achieve a suitable coupling profile over the full possible

range of displacements between and aligned position and a

misalignment of ±(75, 100).
As the coils in the BPP are operated independently, the

scenario where only the closest coil in proximity to the

secondary pad is chosen to be energized is called single coil

operation, whereas scenarios where both coils are energized

(at any phase) are described here as double coil operation.

This paper investigates the effect of changing the operation of

the BPP on both leakage flux and power outputs. Due to the

symmetrical nature of the IPT pads, movements in the negative

X direction are equivalent to those in the positive X direction

and the same can be said of movements along the Y axis, thus

only one quadrant needs to be analysed.

k is also independent of the number of parallel windings

(filars) and the operating frequency of the pad. However the

layout and volume of copper, combined with the presence and

position of ferromagnetic and shielding materials, as well as

the relative positions of the primary and secondary will affect

it.

Different operating conditions can enable transfer of the

same uncompensated power from the primary BPP to the

secondary DDP at any given position. This is best described

by comparing the uncompensated VA which is delivered from

the BPP to the DDP as:

S2U = S1ak
2
1a2 ± S1b2k

2
1b2 (10)

where S1a and S1b are the VA’s of coil 1a or coil 1b in the

BPP, respectively. This equation shows that as the secondary

pad is misaligned, each primary coil in the BPP can be driven

with varying VA’s to deliver the same S2U [7]. However, as

shown in Fig. 6, k1a2 and k1b2 are mirrored along the central

axis. This means that except for certain positions (such as

along the central line and at Y ≈ ±175 mm), one coil will

be more coupled to the secondary than the other. Therefore it

is possible to find a balance between the amount of VA that

each primary coil needs to couple to the secondary to achieve

the needed S2U for the required output power by adjusting

the current or phase in each coil based on the secondary coil

topology and its relative position.

This is possible because the BPP is normally driven by two

separate resonant inverters operating from a common DC bus

[11]. In the case where the secondary is a polarized structure

(like the DDP), the most common operation, when the primary

and secondary pads are reasonably well aligned, is to drive two

BPP coils out of phase but with an identical current magnitude

based on the demands of the secondary. However, under severe

misalignment it is preferable to only operate with one coil

energized. If a non-polarized secondary is used (such as a

square or circular pad) then when the secondary is sufficiently

well aligned, the two primary coils are driven in phase, usually

with the same current magnitudes. Then again under severe

misalignment only one coil may be used.

When the two BPP coils are operated identically, either in

or out of phase, they are essentially configured as a DDP

or square pad respectively. The VA across each coil is also

similar when they are operated together like this, and the

only difference is caused by slight variations in the reflected

impedances presented to each by the secondary because of

its misalignment. Consequently the double coil operation may
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be evaluated in practice by physically connecting the two

independent coils in or out of phase. The two coils can then

be driven using one inverter with a single tuning network

to determine the actual effective k profiles. These two new

coupling profiles called k12,p, and k12,np (for polarized or

non polarized field generation), is calculated using simulated

or measured k1a2’s and k1b2’s as follows:

k12,c =

∣∣∣∣k1a2 ± k1b2√
2

∣∣∣∣ (11)

This equation assumes that both coil 1a and 1b in the

primary pad have near zero mutual coupling between each

other, which is the case in normal operation as stated in

[11]. k1a2 and k1b2 have phases associated with them which

means that if coil 1a and 1b generate opposing currents in

the secondary pad, then k12 may be low based on the relative

magnitude of the currents (which are position dependent).

The couplings factor profiles (under each extreme mode of

operation) are shown for the case where a DDP is used as the

secondary in Fig. 6. As expected this shows that over most

of the displacement region, it is desirable to operate in either

single coil, or polarized modes. The only region where non-

polarized mode shows superior k is between X ≈ ±(150 −
200) mm.

0

0.1

0.2

0.3

-250 -200 -100 0 100 200 250
Displacement (mm)

k

k12,s
k12,c,p

k1a2,s
k1b2,s

k12,c,np

Fig. 6. Profiles of simulated ks of systems without additional EV and ground
shielding along the X axis at Y = 100 mm.

For example, when X = ±200 mm, k12,p is lower than

both k1a2 and k1b2. The ± factor in (11) takes into account

the phase excitation of the two coils so that if they are driven in

phase (which is not ideal for an aligned polarized secondary),

the two couplings are subtracted. Otherwise if the coils are

driven out of phase, they are summed.

In practice, because two inverters are used to drive each coil

independently, then the rate of power transfer to the secondary

can be varied enabling the effective coupling to the secondary

to appear anywhere within the extremes of the four coupling

profiles shown, despite only k1a2 and k1b2 existing. However

for the purposes of this paper, the operation of the BPP at

the extreme conditions (either as double coil with a common

current or under single current mode) will be evaluated. In the

case where the BPP primary coils are operated with a common

current magnitude but with phases with at 0 or 180◦ the field

shapes and couplings to the secondary are essentially identical

that of a square pad or DDP primary and uncompensated

power is described as:

S2U = S1k
2
12 (12)

where S1 represents the combined VA of the two primary pad

coils 1a and 1b exactly as if they are connected together and

energized with a common I1.

For single coil operation, equation (10) should be used but

in this case either S1a or S1b is zero as one coil is turned off,

however, it is also important to note that with this operation the

maximum VA of the BPP is also effectively halved compared

to double coil operation because of the maximum copper and

ferrite ratings of each coil. If the ′
shielded

′ suffix is not present,

the ks considered are those for a system without additional

ground and EV shielding (Fig. 4) and will be discussed in

detail later on.

Due to a change in primary inductance and coupling in

either single or double coil operation, different primary cur-

rents are required to couple constant secondary S2U for both

cases. For example, at the (0,100) position, k1a2,s,p = 0.168,

and k12,s = 0.234, so k12/k1a2 = 1.39. Furthermore, the

existing primary BPP coils each have an inductance of 25 μH
so in double coil operation, the total primary inductance is

50 μH. Thus primary current needs to be 2.78 times higher

in a single coil system compared to a double coil system in

order to couple the same S2U. This increase in current will

change the magnetic loss distribution in the pads as the circuit

quality factor of the primary pad Q1 and pad quality factor

QL changes. The leakage flux will also change as the primary

pad topology changes from a polarized to a non-polarized field

shape.

In this study, the non-polarized operation of the BPP

primary pad to the DDP secondary will not be explicitly

investigated since over the majority of the assumed tolerance

up to the worst case misalignment of ±(250, 100), k12,np is

lower than other operating modes (as expected because of the

chosen secondary topology), and if chosen, would force the

primary coil to operate with a higher VA to deliver the same

amount of uncompensated power which is undesirable.

B. Leakage flux limitations and external shielding

Leakage flux density refers to the RMS magnitude of the

magnetic flux density to which people may be exposed in an

IPT system. Since people are unlikely to be directly underneath

a vehicle when it is charging, the areas of concern tend to be

further away, in this case around 800 mm from the centre of

the secondary pad [25]. This measurement point is chosen for

comparative purposes so that IPT systems are fairly measured

against each other. The actual position and magnitude of the

maximum leakage flux on the measurement plane (shown

in Fig. 4) will vary with pad topology, size, operation and

misalignment.

Leakage flux density is independent of the winding tech-

nique for an IPT system with a fixed power output, at a

constant secondary circuit quality factor, providing the position

of each wire is essentially the same and the average current

in each winding is identical when comparing a multi-filar pad
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and a single-filar pad. This is because a six turn quad-filar

pad will require four times the current to deliver the same VA

to the secondary pad as a 24 turn single filar pad. Practical

limitations such as component sensitivity, as well as maximum

operating voltages and currents limit the frequencies at which

IPT systems can operate.

In this work an IPT system will eventually be installed

100 mm above a conductive ground shield, and for an EV

charging case, it will always be under the body of a vehicle

- which acts as an additional conductive layer in which

eddy currents can flow. In simulation, a large conductive

copper alloy ground (σ = 9 × 106 S/m) is placed 100 mm
below the primary pad. A 2.25 m2 square aluminium sheet

(σ = 2.4 × 107 S/m) is also placed directly above the

secondary pad in order to approximate the presence of the

EV. The set up is presented in Fig. 4 and has previously been

shown in [17].

The following section begins by validating the ability of

software packages such as JMAG and ANSYS MAXWELL

to accurately predict the expected coupling and leakage fields

of the complete wireless charging system. In this analysis,

the complete pad structures (comprising ferrite, litz, and the

aluminium backing shield, shown in Fig. 5) are analysed;

however, as the vehicle and ground shields shown in Fig. 4

were not available in the laboratory, these were not part of

this initial comparison. Having validated the accuracy of the

simulation package, the impact of the additional vehicle and

ground shields are then evaluated separately by simulation.

IV. EFFECT OF SECONDARY PAD ON LEAKAGE FLUX

In order to determine the effect that the operation of the

secondary has on the leakage flux when delivering power,

various simulations were undertaken with a constant I1 in

the primary pad and the secondary current (Icoil) was then

increased to represent an increase in Q2, which is effectively

an increase in load. I1 was fixed at 27.69 A in order to

have comparable results with practical measurements (with

validations presented later on in the paper). Icoil was varied

for a series tuned secondary system as Q2 rises from 0 to 10.

The results of the simulations are presented in Table II and

show that leakage flux does not increase significantly with

respect to Q2. This is particularly true in double coil operation

showing that most of the leakage flux is produced by the

primary pad with misaligned mismatched IPT systems, as a

result of the relative proximity of the flux generating coils in

the primary and secondary pads to the measurement point. As

such, the primary pad contributes more leakage flux compared

to the secondary pad whose flux contribution amounts to an

increases of 2.4% as Q2 reaches 10.

However, when the primary pad is only using coil 1a to

transfer power at this misaligned position (which is the coil

that has the highest coupling to the secondary pad), the effect

of Q2, and therefore Icoil, on the leakage flux is much more

pronounced given the exposed primary coil 1b closest to the

measurement point is turned off. The total leakage flux is then

much smaller but grows by 30% as the secondary Q2 increases

from 0 to 10.

TABLE II
SIMULATED LEAKAGE FLUX ALONG X AXIS AT 800 mm FOR A FIXED

I1 = 27.69 A AS Q2 VARIES AT THE MOST MISALIGNED POSITION OF

(-250,100) MM.

S1 = 20.5 kVA S1a = 10.2 kVA

Q2 Icoil (A)
XLN,12

(μT)

Po,12

(W)

XLN,1a2

(μT)

Po,1a2

(W)

0 2.44 28.17 0 14.96 0

1 3.45 28.17 166 15.49 239

2 5.45 28.19 332 15.88 479

3 7.72 28.23 498 16.31 719

4 10.07 28.28 664 16.76 959

5 12.45 28.35 829 17.22 1198

6 14.85 28.42 995 17.70 1438

7 17.26 28.51 1061 18.17 1678

8 19.68 28.61 1327 18.64 1917

9 22.11 28.73 1493 19.11 2157

10 24.53 28.86 1658 19.58 2396

In summary this evaluation shows that in the misaligned

condition the measured leakage is swamped by the leakage

flux generated by the primary pad in double coil operation

and that the secondary leakage is low. Consequently, operating

the secondary with low VA is not desirable as it forces the

primary VA higher, exacerbating losses and leakage. This

hypothesis will be evaluated further with practical systems in

the following section.

Table II also shows that when the primary BPP operates

in single coil mode, it has half the VA compared to double

coil operation (when the same I1 is applied). Despite this,

the higher k which exists between the primary and secondary

pad in single coil mode causes the output power for the same

circuit Q2 to not only be higher, but the leakage flux is also

lower.

If the desire were to try and increase the primary pad size

to increase the tolerance of the system to movement, this will

moves the leakage flux measurement point closer to the main

flux paths, so that the exposure may be higher. However, if the

k increases, a lower primary current may be used to deliver

the desired power. This trade off needs careful evaluation to

find the best design.

V. PRACTICAL VALIDATIONS

A practical IPT system was set up in order to validate JMAG

Designer as an appropriate tool to simulate leakage fluxes.

The initial system included a 85 kHz primary power supply,

a primary BPP which either energizes both coils in polarized

mode or in single coil mode, Identical secondary DDPs which

are tuned either in series or parallel, and a resistive load

(Fig. 7). The ground shielding and additional EV shielding

were not included as the materials were unavailable in the

laboratory. As noted, additional simulations were performed

without the external shielding to compare with measurements.

Since separate pads are used for series and parallel tuning, k
was independently validated (at the most misaligned position

of (−250, 100) at a coil to coil air gap of 105 mm) for each

pad and the primary BPP. These measured ks were found to
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be k12,7turn,m = 0.088 and k12,2turn,m = 0.091. These values

match closely with the simulated k12,s = 0.09 as shown in

Fig. 6.

X Y

Z

Fig. 7. A laboratory IPT system with a BPP primary and DDP secondary
misaligned.

For comparison purposes, the leakage flux was measured at

the same point (800 mm from the centre of the secondary pads

along the X and Y axes) using various resistive loads whilst

adjusting the primary current to maintain an output power of

approximately 1 kW. An AC load was used since this avoids

complicating the results due to any harmonic impact of the

rectifier or controller. Due to the chosen tuning topologies

(primary LCL network and either a series or parallel tuned

secondary pad), as well as the operating conditions validated

(Q > 1), the currents in the coils are always continuous in

time and sinusoidal with low THD. While this paper does

not directly consider scenarios where there are harmonics or

discontinuities in the coil currents, it is appreciated that this

may rise in operation with other tuning topologies (such as

series-series systems) or systems operating at low circuit Qs).

In such situations, simulation software such as PLECs (for

electronic design) and JMAG (for magnetic evaluation) can

accommodate this by injecting the expected harmonics into

the coils to evaluate the additional impact.

Resistive loads of: 4, 8, 12, and 16 Ω were all used, enabling

Icoil and Q2 to be varied in both the series and parallel

tuned systems. I1 was then adjusted to ensure power delivery;

however, due to limitations of cost and available capacitors

and ferrite cores to tune and wind the first inductor in the

LCL, the maximum primary current I1 was limited to 46 A.

The equipment used in the practical experiment includes

a Chroma 61512 DC power supply, an Agilent DSO5014A

oscilloscope, Agilent N2781A current probes, Tektronix P5200

differential voltage probes, and a Narda ELT-400 flux probe.

The DC/AC inverter topology chosen for this experiment is a

LCL H-bridge [27], [32], [38] driven at a fixed frequency of

85 kHz.

Table III also shows that as Q2 (and therefore S2) increases,

the efficiency of the overall system also increases. This is

because S1 decreases for a given Pout, enabling the loss to

be shifted appropriately [1], [2], highlighting the need for a

secondary regulator [31]. In cases where the output current

is uncontrolled, a higher secondary circuit Q2 will cause I1,

and thus Q1, to decrease significantly and thus the increased

magnetic losses in the secondary are offset by lower losses

in the primary magnetics. However in a case where secondary

rectification and control is required to maintain a steady output

current, higher Q2s will also add additional losses to the

secondary system.

The currents determined from Table III were used in JMAG

Designer to simulate the leakage flux of the system operation

under load in order to validate the hypothesis that this higher

Q2 will also improve leakage. Measured leakage results under

operation were also taken to validate JMAG as a suitable

simulation tool to determine the leakage magnetic flux. The

currents in the primary and secondary coils are 90◦ out of

phase and the simulated results are shown in Table IV. These

results show that the leakage flux decreases as Q2 increases

for a given power level and that the tuning topology has

little significant impact on the leakage flux produced by a

mismatched IPT system if Q2 is sufficiently large as shown

by comparing equations (8) and (9).

Note that given the same inputs, JMAG and practical

validations return results which are within 5% of each other

when leakage flux is above approximately 20 μT. Since the

leakage along the Y axis is naturally low, small deviations

in the simulated values and the measured values will have

a larger percentage error, however realistically these are still

very close. Other factors such as practical construction of the

pads and the environment which measurements are undertaken

can amplify the error.

Power per leakage (PPL) is a measure of the amount output

power of the system, compared to every μT of leakage which

is present at the measurement point, and is calculated here

from results in Table III from results in Tables III and IV.

It is notable that if Q2 is controllable, not only can system

efficiency be adjusted, but PPL can also be improved; however,

this requires a secondary controller to be present, which

is often omitted for cost saving reasons. The omission of

a secondary regulator results in higher losses and leakage,

particularly in conditions where misaligned power transfer is

necessary.

A. Single coil operation of the BPP

As mentioned previously, each coil of the multi-coil BPP

primary (shown in Fig. 4 and 7) is energized individually.

This means that when the secondary pad is displaced (at (-

250,100) mm), coil 1b is turned off as it is weakly coupled

to the secondary pad. Simulations of the coupling between

coil 1a and the secondary DDP when misaligned resulted in

k1a2,s = 0.158 compared to measured k1a2,m = 0.153. Since

coil 1b is no longer energized, the flux generating coil is better

aligned with the secondary and away from the measurement

point; so there is a lower leakage flux.

Simulations were performed using JMAG to determine

the leakage flux of the proposed operating method for both

series and parallel tuned circuits. These results show excellent

agreement compared to measured results. Minor differences

between simulation and practice occur because of variations

in practical current magnitudes due to slight differences in
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TABLE III
MEASURED VALUES TO OBTAIN 1 kW UNDER DOUBLE COIL OPERATION (S = SERIES, P = PARALLEL TUNING).

Load

R

(Ω)

I1

(A)

Icoil

(A)

Vout

(V)

Iout

(A)

Pout

(W)

Pin

(W)
η (%)

XLN,12,m

(μT)
Q2

PPLX

( W
μT

)

YLN,12,m

(μT)

PPLY

( W
μT

)

4Ω S 27.69 15.78 63.82 15.78 1007.1 1066.3 94.44 29.63 6.3 33.75 4.16 240.4

8Ω S 38.69 11.01 90.7 11.01 998.6 1090 91.62 41.27 3.3 24.23 5.68 176.1

8Ω P 38.01 36.18 89.4 11.18 999.5 1094.3 91.33 37.7 3.3 26.53 4.09 244.5

12Ω P 32.15 43.27 109.4 9.16 1002.1 1073.2 93.75 32.48 4.9 30.79 4.52 221.2

16Ω P 29 49.65 125.9 7.94 999.6 1068.4 93.56 29.89 6.5 33.46 5.41 184.8

All values in this table are measured

TABLE IV
SIMULATED VERSUS MEASURED LEAKAGE FLUX VALUES (S = SERIES, P

= PARALLEL TUNING).

XLN,12,s

(μT)

XLN,12,m

(μT)
Deviation (%)

4Ω S 28.5 29.63 4.12

8Ω S 40.0 41.27 3.30

8Ω P 39.2 37.7 3.66

12Ω P 33.0 32.48 1.72

16Ω P 29.8 29.89 0.38

YLN,12,s

(μT)

YLN,12,m

(μT)
Deviation (%)

4Ω S 4.69 4.16 11.30

8Ω S 6.54 5.68 13.14

8Ω P 4.89 4.09 16.4

12Ω P 5.41 4.52 16.5

16Ω P 6.42 5.41 15.7

k and other factors such as losses in the coils when they are

energized. The small change in the primary current impacts the

leakage fluxes; however, the absolute changes are small and

due to the low absolute value, it boosts the PPL in percentage

terms. Another source of discrepancy is the alignment of

the flux probe since even small changes in distance can

result in variations in the measurements. Despite this, the

measurements confirm the accuracy of JMAG as a simulation

tool in determining leakage fluxes and also show that leakage

flux is reduced in mismatched IPT systems by appropriate

operation of the BPP primary by as much as 50% for the

same 1 kW power output.

In practice, there is a balance which must be achieved

between k and S2U. At certain positions, ks decrease sig-

nificantly which means that very large Q2’s are required to

deliver the desired output power and this may be impractical.

Furthermore, if very high Q2 (e.g. Q2 � 10) is required the

secondary may become a significant leakage flux emitter and

loss element, so in these situations, the power transfer will

need to be limited. For the system shown, each coil has an

inductance of 25 μH. Thus if the primary current remains

constant, k1a2 of a single coil system must be at least
√
2

times the k12 of a double coil system in order to achieve the

same S2U in both cases.

As an example, in Fig. 6, when the BPP is operated with

both coils energized out of phase k12,m,p = 0.09 and L1 =
50 μH. If primary current is 27.69 A at an operating frequency

of 85 kHz, S2U = 165.8 VA. However, if only the closest coil

is energized (coil 1a), k1a2,m = 0.153 and L1 = 25 μH. This

means that for the same primary current I1, S2U = 239 VA.

Consequently in this mismatched and misaligned system it is

advantageous to only energize one coil in the primary as it

achieves higher S2U and consequently results in both a lower

secondary Q2 and lower system leakage flux to deliver the

desired output power.

VI. OPERATION UNDER SEVERE MISALIGNMENT

Typical power requirements for modern EVs, including

hybrid vehicles, begin at 3.3 kW to the load and can range

up to 10 kW. This study focuses on a pad originally designed

as suitable to deliver 7 kW within offsets of ±(75, 100) mm,

but when operated in a condition where the lateral misalign-

ment is much greater than the original design specification

of ±(250, 100) mm, only approximately 3.3 kW may be

capable of being delivered. If larger power levels are desired

at severe misalignments then higher I1’s would be required

to drive the primary pad to achieve the 7 kW output but the

practical ratings of the copper, ferrite and power electronics

will not allow this, and the leakage fluxes and loss would

increase. Thus the following work in this study investigates if

a minimum 3.3 kW output can be delivered at extreme offsets

as may be needed in taxi rank situations or at poor parking

alignments while staying below the 27 μT threshold for public

exposure. The following study is performed in simulation

using the same IPT pads with additional external shielding

as would be normally present on an EV [25] and is discussed

in Section III-B.

A. Double coil operation

Fig. 8 shows the relationship under double coil operation

between the primary current I1 and the leakage flux at 800 mm
along the X axis while the secondary pad is short circuited

(Q2 = 1). Simulated coupling for a shielded single coil BPP

to the displaced DDP with additional EV and ground shielding

k1a2,shielded = 0.182, and ks for such a system with both

primary coils energized, k12,shielded = 0.104. The minimum

nominal requirements for a secondary pad with a rectifier and

filter into a 300 V battery are: VOC > 333 V for a series,
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TABLE V
LEAKAGE FLUX FOR A MISALIGNED BPP-DDP SYSTEM WITH SINGLE COIL OPERATION FOR 1 kW OUTPUT, (S = SERIES, P = PARALLEL TUNING).

I1 (A) Icoil (A)
XLN,1a2

(μT)

PPLX

( W
μT

)

YLN,1a2

(μT)

PPLY

( W
μT

)

Pout

(W)

Simulation Results

4Ω S 21.29 15.78 15.89 62.93 3.23 309.6 1000

16Ω P 21.78 52.48 15.79 63.33 3.29 304.0 1000

Practical Validation

4Ω S 22.44 15.41 14.94 66.93 2.49 401.6 994

16Ω P 24.92 50.42 16.97 58.9 2.535 394.5 992

or ISC > 9.9 A for a parallel system operating at 3.3 kW
respectively. Thus the minimum primary currents required to

achieve either of these ratings irrespective of single or double

coil operation of the primary were calculated and are shown

in Table VI.

Fig. 8 shows that I1 needs to be below 20 A in order for

the leakage flux to stay below 27 μT under the conditions.

It also indicates that the existing system is unable to deliver

3.3 kW to the output load when both coils are energized,

because it cannot couple the required VOC or ISC to either the

existing series or parallel tuned secondary pads under existing

leakage limits. As single coil operation has been shown to

have enhanced coupling at these misaligned conditions and

significantly reduce leakage flux, this is evaluated next.
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0

20
27

40

60

80

100

120

140

0 9.
6

19
.2

28
.8

29
.5

38
.4

48
.0

57
.6

67
.2

76
.8

86
.4

96
.0

B 
(μ

T)

I1 (A)

 Simulated pads 
with shielding

 Simulated pads 
without shielding

Measured pads 
without shielding

For shielded systems:

Fig. 8. Leakage flux at XL,12 as I1 increases for double coil primary at a
fixed Q2 = 1.

TABLE VI
MINIMUM I1 REQUIRED TO DELIVER REQUIRED VOC OR ISC FOR 3.3 kW

OUTPUT USING EXISTING PADS.

Operation VOC (V) ISC (A)

Double Coil 120 29.5

Single Coil 97 23.8

B. Single coil operation

Since Q2 of the secondary pad has a noticeable effect on

the leakage flux of a single coil system (Section IV), the

shielded and non-shielded systems were simulated at various

Q2’s ranging from 0 − 10. The leakage flux for such single

coil systems are presented in Fig. 9 along the X and Y axes

for systems both with and without additional EV and ground

shielding. These contour plots also show that the desired

leakage flux along YL is always below the 27 μT restriction.

Since the pads are oriented such that the X axis is in the

direction of travel, the only factor which limits the wireless

charging system is the leakage flux along the X axis.

As I1 is decreased to reduce the flux generation of the

primary pad in a system without additional vehicle shields,

Q2 must increase to maintain the desired output power. Thus

Q2 must be greater than 4.5 and I1 must be less than 46 A
for 3.3 kW output as shown in Fig. 9(a). Table VIII shows

that the short circuit current is approximately 17.1 A when

k1a2,s = 0.158 for the parallel tuned DDP. This again shows

the need for a secondary regulator (as shown in Fig. 2) to

operate the existing system at rated power within the leakage

restrictions.

Fig. 9 also shows that for a system with additional vehicle

shields in single coil operation, the maximum I1 and minimum

Q2 required to deliver 3.3 kW (within restrictions) is when the

primary current is approximately 41 A and the circuit quality

factor is 4.5. As I1 is decreased then Q2 must increase. Thus

if I1 = 38.4 A, then Q2 can range between 5 and 6.

The leakage flux was validated using the system without

additional shielding. Here, the secondary pad is not perfectly

tuned in practice due to the variation in inductance of the

primary and secondary pads as they move to the misaligned

position, with the nominal capacitance Cp = 770 nF, this

changes the nominal load, to RL = 14.85 Ω, and thus the

calculated Q2 is approximately equal to 6.2. The simulated

leakage flux under these conditions at this point is 25.44 μT.
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Fig. 9. Contour plots of simulated leakage flux (μT) as I1 and Q2 vary for single coil (a)XLN,1a2, (b) XLS,1a2, (c) YLN,1a2 and (d) YLS,1a2.

TABLE VII
PRACTICAL VALIDATION OF 3.3 KW LEAKAGE FLUX OF THE EXISTING IPT SYSTEMS WITHOUT EXTERNAL SHIELDING.

I1 (A) Icoil (A) Pin (W) Pout (W) Q2 η (%) XLN,1a2,m (μT) XLN,1a2,s (μT)

42 103 3682 3300 6.2 89.6 28.13 27.03
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The result of the leakage flux validation compared to simulated

values is shown in Table VII

The 10% difference in leakage flux between measured

and validated values is small but mostly due to the testing

environment which is necessary for 3.3 kW output and is

slightly different from testing the 1 kW output. The Chroma

power supply used was closer than desired (but cable lengths

made changing this difficult) so its metal casing likely causes

small variations in the leakage flux. Despite this and other

slight inaccuracies such as probe alignment, the simulated and

validated values for 3.3 kW are in close agreement.

VII. LIMITATIONS OF EXISTING SECONDARY PADS

According to the voltage and current ratings required for

3.3 kW, the ideal inductance of the secondary pad with a rec-

tifier and filter is 63 μH. This means that when VOC = 333 V,

ISC = 9.9 A at 85 kHz, this pad could be either series or

parallel tuned. However a DDP with this inductance cannot

provide the desired VOC for series tuned systems without

violating the leakage flux restrictions or exceeding the current

limit of the primary BPP. This section will discuss how the

secondary pad can be optimised for series or parallel tuned

operation and assumes that the pads have the additional vehicle

shielding as is required in practical EV charging installations.

TABLE VIII
MAXIMUM Pout (kW), ISC (A) FOR THE 4.6 μH PAD OR VOC (V) FOR

THE 50 μH PAD, AT 27 μT FLUX LIMITATIONS.

Unshielded Shielded

Q2 Pout ISC VOC Pout ISC VOC

1 0.75 17.10 136.6 0.95 19.61 156.7

2 1.43 16.98 135.7 1.79 19.10 152.7

3 2.04 16.69 133.4 2.55 18.59 148.6

4 2.63 16.43 131.3 3.12 17.83 142.5

5 3.15 16.02 128.1 3.58 17.06 136.4

6 3.59 15.54 124.2 3.66 15.75 125.9

7 3.93 15.10 120.7 4.02 15.28 122.1

8 4.19 14.54 116.2 4.09 14.43 115.3

9 4.34 13.99 111.8 4.08 13.58 108.6

10 4.43 13.43 107.4 4.06 12.86 103.8

Table VIII shows that the existing 50 μH pad is unable

to induce at least VOC = 333 V within 27 μT. Here, the

values are derived from Fig. 9 by observing the maximum

current with which the primary pad can be energized for a

desired operating Q (whilst keeping the leakage flux level

below the 27 μT threshold). This primary current is then used

to calculate the maximum VOC or ISC for either the seven, or

two turn DDP, respectively (using (5)).

Table VIII also shows that in some cases the maximum

output power may drop despite increases in Q2, as indicated

(by way of example) in the investigated design with shielding

when Q2 is above eight. Here, I1 in the primary coil has to be

limited to constrain the leakage flux, that results in a smaller

coupled S2U and lower output power despite a larger Q2. In

practice, appropriate adjustment of both Q2 and Q1 (which is

set by I1) can enable the best result between leakage flux and

output power to be achieved.

This shows that the existing two turn DDP cannot be used

to provide 3.3 kW when series tuned (given an output voltage

of 300 V is required), so a re-design of the secondary pad

for operation at these extended misalignments is required

otherwise it won’t work as the primary electronics will not

always be capable of compensating for a poor secondary

magnetic design. A solution is to build a secondary DDP

which consists of 14 single filar turns as opposed to 7 bi-filar

ones. This increases the inductance of the secondary pad from

50 μH to 200 μH without affecting the size, cost or weight

of the secondary pad while doubling VOC and halving ISC.

However, this still does not achieve VOC > 333 V, therefore

the secondary magnetics in the series tuned circuits needs to

increase in size in order to increase the k to make this possible.

The ISC for a shielded parallel tuned pad is shown to be

higher than the required output current required for 3.3 kW
operation so a secondary rectification and control stage is

required to lower Iout to 11 A (and lower Q2 as the duty

cycle in a boost controller increases). The potential operating

zone which is required to deliver 3.3 kW output whilst staying

below the 27 μT flux limit is indicated in Fig. 9, therefore

the primary pad can be driven as low as 28.8 A, however

at this point, Q2 needs to be equal to 10. For such high

circuit Q2’s, the variations in compensation capacitors and

inductances caused by manufacturing need to be minimised

otherwise detuning can occur which lowers output power,

resulting in a larger coil current which can cause thermal

problems in the tuning capacitors.

Thus at worst case scenario where the maximum dis-

placement is extended displacement from (±75, 100) to

±(250, 100), single coil operation is necessary to deliver

3.3 kW. When the existing system is operated with exter-

nal shielding, the maximum I1 possible in the primary pad

increases from 20 to 46 A before reaching the flux limit.

This study shows that a secondary rectifier, filter and control

is required to adjust Q2 to increase the system efficiency,

and reduce stress on all components while also enabling the

leakage flux to be adjusted by shifting losses between the

primary and secondary magnetics.

VIII. CONCLUSIONS

When a BPP is used and the secondary is severely mis-

aligned in applications such as powering at taxi ranks or

when paused at lights, the leakage flux is reduced by up to

50% by only energizing the nearest primary coil compared to

energizing both BPP coils operating with the same primary

current and the same secondary Q2 to deliver the same output

power. This can only be achieved with the BPP primary since

a large DDP or CP primary would encounter the same issues

as a BPP primary in double coil operation.

As misalignments increase, the limiting factor for full power

delivery becomes an issue as k decreases. If pad sizes are

increased to compensate for the drop in k, then the leakage

flux increases as the exposure point moves closer to the flux

generating coils. As such, a BPP suits this application as a
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single coil is turned off, serving as both a method of leakage

control, and a way to increase coupling without sacrificing

secondary pad misalignment tolerances.

A significant finding is that a secondary regulator is nec-

essary to not only improve efficiency of the IPT system by

shifting the losses in the magnetic pads, but to also reduce the

leakage flux which it generates by controlling the currents in

each coil.

The study evaluated the system under real life implications

such as human magnetic flux exposure limits of 27 μT, ground

and vehicle shielding, higher power outputs of 3.3 kW, and

practical operating conditions such as minimum induced volt-

ages and currents required for battery charging. It was shown

that care must be taken in the design of series tuned secondary

pads otherwise they may not be capable of delivering the

needed VOC for power transfer irrespective of the presence

of a secondary regulator, whereas parallel tuned pad have no

such difficulty providing a secondary regulator is present.
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