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Comparison of Tripolar and Circular Pads for IPT
Charging Systems

Seho Kim, Student Member, IEEE, Grant A. Covic, Senior Member, IEEE, and John T. Boys

Abstract—Recently, a magnetic pad called the Tripolar Pad
(TPP) has been introduced for inductive power transfer (IPT)
systems. This paper evaluates the effective coupling factor and
leakage magnetic field of a 20 kW IPT system that uses a
combination of TPP and CP topologies over a range of lateral
displacements. The results show that the effective coupling factor
and the leakage magnetic field of the TPP-TPP system are
substantially better when the secondary is displaced away from
ideal alignment. Leakage magnetic field is reduced up to 43%
compared to CP-CP system at the worst-case misalignment,
which is due to the ability of the TPP-TPP system to generate
and capture different types of magnetic field shapes. Simulations
methods for both the TPP and CP are validated in the laboratory
using a 2 kW system operating at 85 kHz.

Index Terms—Coupling circuits, Electromagnetic coupling,
Magnetic circuits, Magnetic resonance.

I. INTRODUCTION

INDUCTIVE power transfer (IPT) is a method of coupling
power across an air gap without any physical contacts [1]–

[4]. IPT systems have been used in numerous applications
including battery charging, automated guided vehicles, lighting
and material handling [5]–[10]. An example of a typical IPT
system is shown in Fig. 1.

One of the most important aspects of IPT systems is the
design of the magnetic structures. The magnetic structures
of an IPT system determine the power transfer capability
as well as the extent to which the leakage magnetic field
(Bleak) is controlled during operation. Bleak is the unwanted
stray magnetic field generated by an IPT system during power
transfer, which needs to be minimised, in case it is harmful to
people [11].

Numerous magnetic structures have been designed for IPT
systems in the past including solenoids, circular pads (CP),
double-D pads (DDP), double-D quadrature pads (DDQP) and
bipolar pads (BPP) [12]–[31]. One of the recently proposed
magnetic structure is the Tripolar Pad (TPP). The TPP was
introduced previously as a primary pad for an IPT system and
evaluated against both CP and BPP secondaries [32].

In this paper, the suitability of the TPP as both the primary
pad and the secondary pad is investigated for higher levels
of power transfer and compared against a more traditional
system using a CP primary and a CP secondary with similar
dimensions and volumes of material. This paper begins with
mathematical models describing the operation of an IPT
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Fig. 1: Overview of a typical IPT system.
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Fig. 2: A two coil IPT circuit depicting (a) open-circuit voltage
and (b) short-circuit current.

system using a CP primary and a CP secondary (CP-CP).
This mathematical model is then expanded to describe an IPT
system with a TPP primary and a TPP secondary (TPP-TPP).
Using the derived mathematical models, an exhaustive search
controller is devised to find the optimal primary currents that
result in the highest effective coupling factor (keff ) for all
secondary displacements. With the controller, the performance
of the CP-CP, CP-TPP, TPP-CP and TPP-TPP systems are
simulated in terms of keff and Bleak for a power output of
20 kW at 85 kHz under various alignment and misalignment
conditions. A prototype TPP-TPP system is implemented in
the laboratory for power output of 2 kW at 85 kHz to validate
the simulation findings.

II. IPT SYSTEM OVERVIEW

A fundamental IPT circuit can be shown in Fig. 2 (a) as
open-circuited and (b) short-circuited. Here, Vp and Ip denote
the voltage and current in the primary coil and Lp and Ls

are the primary and secondary inductors. Mps is the mutual
inductance between the primary and the secondary coils. Mps

is determined by Mps = k
√
LpLs, where k refers to the

traditional coupling factor between Lp and Ls. Given the
circuits shown in Fig. 2, the open-circuit voltage, Voc, and
short-circuit current, Isc can be determined as shown.

Voc = jωMpsIp (1)

Isc =
Mps

Ls
Ip (2)
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Here, ω is the operating frquency of the IPT system. From (1)
and (2), the uncompensated apparent power output, Su, can
be found:

Su = VocIsc = ω
M2

ps

Ls
I2
p = ωLpI

2
pk

2 (3)

IPT systems are tuned to improve power transfer capabilities
between the primary and the secondary. A typical parallel-
tuned circuit for an IPT system using a single coil primary
and a single coil secondary is shown in Fig. 3. Assuming that
the tuning is ideal and the operating frequency stays constant,
the values of the primary and secondary tuning capacitors Cp

and Cs can be determined using ω = 1/
√
LC. Here, the

loaded quality factor of the parallel tuned secondary circuit
(Qs) is Qs = RL/(ωLs) and the impedances of the primary
and secondary circuits are given by Zp = jωLp + Rp and
Zs = jωLs +Rs + 1/(jωCs + 1/RL).

The operations of the circuit can be shown in a matrix form
as shown in (4).[

Vp

0

]
=

[
Zp jωMps

jωMps Zs

] [
Ip
Is

]
(4)

From the matrix, some useful equations can be found.

Vp =

(
Zp +

ω2M2
ps

Zs

)
Ip (5)

Vs =
1

jωCs +
1
RL

Is (6)

Is =
−jωMps

Zs
Ip (7)

Ir =
1

jQs + 1
Is (8)

Sp = |Vp||Ip| (9)

Ss = |Vs||Is| (10)

Pout = |VsIr| = SuQs = Spk
2Qs (11)

Here, Vp is the voltage across the primary inductor with
considerations to the magnetic losses in the primary and the
reflected impedances from the secondary. Vs and Is are the
voltage and current induced in the secondary inductor. Ir is
the current in the load resistor, RL. Sp and Ss are the apparent
power in the primary and the secondary inductors. While
only parallel tuned systems are investigated in this paper, all
equations can be converted to series tuned systems.

In practice, battery charging applications for IPT systems
commonly require the output to be converted to dc. A full-
bridge rectifier can be added to the circuit in Fig. 3 resulting
in the circuit shown in Fig. 4. Under ideal assumptions of
continuous conduction and zero losses through this bridge
rectifier, the addition of the rectifier results in the following
voltage and the current relationships between the fundamental
rms components of the ac waveforms (6) and (8) and the
resulting dc voltages and currents represented as Iout shown
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Fig. 3: Circuit diagram of an IPT system with a CP as primary
and secondary.

Vp
Ip

Cp

Lp

Rp

Cs

Ls

Rs

Is

RL

Mps

VoutIin

IoutId Ldc

CdcVs

S
w

it
ch

-m
od

e 
co

nt
ro

ll
er

Fig. 4: Circuit diagram of an IPT system with TPP as primary
and secondary.

in (12) and (13). In this paper, only the fundamental harmonic
is considered for the analysis.

Vout = |
2
√
2

π
Vs| (12)

Iout = |
π

2
√
2
Ir| (13)

Pout = VoutIout (14)

A switch-mode controller is added as shown in Fig. 4 to
regulate Vout depending on the output requirements, such as
the ratings of a battery. This means that according to (12), Vs

depends on what the switch-mode controller regulates Vout to
be. Then Qs can be found as shown:

Qs =
|Vs|
|Voc|

=
| π
2
√

2
Vout|

|jωMpsIp|
(15)

Given that Vout is fixed, Qs is shown to be a function of
mutual inductance between the primary and secondary coils
and the current in the primary coil.

The equations (4)-(15) can be expanded for an IPT system
with a TPP primary and a TPP secondary. In this case there
are three primary coils and three secondary coils as shown in
Fig. 5. Note that the subscript ’p’ and ’s’ are used to indicate
the different primary and secondary coils in the system. In a
TPP the three coils are partially overlapped with each other by
design similar to the BPP [32]–[34] so that when one of the
TPP coils is energised, the adjacent coils have no net EMF
induced in them. Under these conditions, the coils are said
to be mutually decoupled. Since these works have shown that
the mutual cross-coupling between the coils of the same pad
is low, these can be neglected in practice and are not shown
in Fig. 5.

From the system shown in Fig. 5, the matrix from (4) can
be expanded as shown in (16). The natural independence of
the coils in each of the TPP results in a matrix shown in (16),
which has many of the terms set to zero. This simplifies the
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Fig. 5: Circuit diagram of an IPT system with TPP as primary
and secondary.

analysis and the operation of the system compared to other
three coil topologies in the literature where a detailed analysis
of all the implications of the three coil cross coupling in
the primary and the three coils in the secondary is required.
Further elaborations requiring the analysis of a TPP primary
without ideal mutual decoupling between the TPP coils can
be found in [32].

From the matrix in (16), some useful equations for this TPP
primary to TPP secondary system can be found.

Vsn =
π

2
√
2
Vout (17)

Vocn =
3∑

m=1

jωMpmsnIpm (18)

Iscn =
Vocn

jωLsn
(19)

Qsn =
Vsn

Vocn
=

π
2
√

2
Vout∑3

m=1 jωMpmsnIpm

(20)

Isn = −(jQsn + 1)Iscn (21)

Iout =
π

2
√
2
|

3∑
n=1

Iscn| (22)

Vpm = ZpmIpm +
3∑

n=1

jωMpmsnIsn (23)

Sp total =
3∑

m=1

(|Vpm||Ipm|) (24)

Pout = |Vout||Iout| (25)

The subscripts ’m’ and ’n’ in equations (23)-(24) is used to
denote different TPP primary or secondary coils respectively.
Since three separate TPP primary coils are present in the
system, each TPP secondary coil has to consider the impact
from all of the three primary coils at all displacements.
Given the inductances and mutual inductances for all possible
displacements of the secondary, the power output of the system
is a complex function of magnitudes and phases of the primary
currents in the three TPP primary coils.

III. CONTROL OF IPT SYSTEMS WITH MULTIPLE
PRIMARY COILS

A. Effective Coupling Factor as a Measurement of Power
Transfer Capability

When CP-CP systems are compared with each other, the
power transfer capability of the magnetic structures in each
system can be compared in terms of k. From (11), a system
with a higher k would be able to transfer a higher power
than other systems when all of the system have equal Sp. For
systems with multiple coils in the primary and the secondary,
there is not a single k term that can be simply used to compare
the power transfer capabilities of different systems. In order
to be able to make comparisons in regards to power transfer
capability between systems with different types of pads with
varying numbers of coils, a term called effective coupling
factor (keff ) is used in this paper. This effective coupling factor
is defined based on the ratio of total Sp in the primary to
the total Su in the secondary as shown in (26) here. Su is
deliberately used to find keff to eliminate the effects of the
secondary electronics so that keff becomes a measurement of
power transfer capability of only the magnetic structures.

keff =

√
Su total

Sp total
(26)

From the equations (3) and (16), Su total of a TPP-TPP can
be found as shown in (27), while Sp total is shown in (24).

Su total =
3∑

n=1

Sun =

∣∣∣∣ 3∑
m=1

3∑
n=1

ωLpmI
2
pmk

2
pmsn

∣∣∣∣ (27)


Vp1

Vp2

Vp3

0
0
0

 =


Zp1 0 0 jωMp1s1 jωMp1s2 jωMp1s3

0 Zp2 0 jωMp2s1 jωMp2s2 jωMp2s3

0 0 Zp3 jωMp3s1 jωMp3s2 jωMp3s3

jωMp1s1 jωMp2s1 jωMp3s1 Zs1 0 0
jωMp1s2 jωMp2s2 jωMp3s2 0 Zs2 0
jωMp1s3 jωMp2s3 jωMp3s3 0 0 Zs3




Ip1

Ip2

Ip3

Is1
Is2
Is3

 (16)
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The subscripts ’m’ and ’n’ is used to denote different TPP
primary or secondary coils respectively. Similar to Pout shown
in (25), Su total is also a function of only the primary currents
if all of k and the inductances in the system are assumed to
be constant. Depending on the k between the primary and the
secondary, some combinations of the primary current magni-
tudes and phases result in a higher Su total for a lower Sp,
which subsequently results in a higher keff . This means that
finding the primary current magnitudes and phases resulting
in the highest keff becomes an optimisation problem. In cases
where there is only a single coil in the primary and a single
coil in the secondary, keff is the identical to k.

B. Exhaustive Search Controller

The method used in this paper to determine the optimal
primary current magnitudes and phases is to use an exhaustive
search controller [32], [35], [36]. The exhaustive search con-
troller takes all of the variables in the system (k, Lp, Ls and
ω) then computes all the possible keff for every combination
of Ip. Once all the possible keff are found by the controller, the
combination of the primary currents that results in the highest
keff while meeting the power output requirements is used to
energise the primary coils. This process of finding the optimal
keff needs to be conducted every time there is a change to
any one of the variables. For the purposes of this paper, k,
Lp, Ls and ω are assumed to be known at all times for all
displacements of the secondary since detecting displacement
and changes to variables such as k and L are deemed outside
the scope of this investigation.

An example flow chart of such an exhaustive search con-
troller used in this paper is shown in Fig. 6. Here, |Ip| and
θp represents the magnitude and phase of the primary currents
respectively. The step sizes and the minimum and maximum
bounds of |Ip| and θp of the controller used in this paper
is shown in Table I. The step size for the evaluation of the
primary current magnitudes and phases in Table I were chosen
as a balance between computational time and ensuring the
controller is able to locate the set of primary currents that
achieve a working keff close to the ideal maximum keff .

In many high power IPT systems, the energisation of the
primary pad is the major source of leakage magnetic flux.
The controller presented here searches for the optimal primary
currents that result in the lowest Sp, which helps in reducing
leakage magnetic flux as discussed in Section IV. However,
it should be noted that the combination of primary currents
that result in the highest keff does not necessarily result in the

TABLE I: Controller parameters for primary currents for keff

optimisation.

Variable Min Max Step
|Ip1| 0 92 1
|Ip2| 0 92 1
|Ip3| 0 92 1
θp1 0 180 30
θp2 0 180 30
θp3 0 180 30

Calculate keff new

keff new > keff

θmax > θp1 θp1 = θp1 + θstep 

θmax > θp2

θmax > θp3

|Imax| > |Ip3|

|Imax| > |Ip2|

|Imax| > |Ip1|

θp2 = θp2 + θstep 

θp3 = θp3 + θstep 

|Ip1| = |Ip1| + |Istep|

|Ip2| = |Ip2|+ |Istep|

|Ip3| = |Ip3| + |Istep|

θp1 = 0 

θp2 = 0 

θp3 = 0 

|Ip1| = 0 

|Ip2| = 0 

End
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Y

Y

N
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N
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Y

N

Y
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Start

Fig. 6: Flowchart of an exhaustive controller searching for the
highest keff .

most efficient operation as the controller shown in Fig. 6 only
prioritises energising primary coils that have high magnetic
couplings to the secondary. With addition of switches in
the secondary, the Qs could be controlled rather than being
determined by Vout as shown in [37]. The controller could be
refined to consider Qs, efficiency as well as keff in the future,
however, it is deemed outside the scope of this paper.

C. Controller for the Highest Power Transfer

If the previous controller for the highest keff was to measure
the power transfer capability, a controller for actually trans-
ferring power to the secondary needs to include the secondary
electronics. The equation for Pout for a TPP-TPP system can
be derived from (17)-(25) into the equation shown in (28). The
magnetic losses are ignored in this equation for simplicity as
they are relatively small.

Pout =

∣∣∣∣Vout

3∑
n=1

∑3
m=1 jωMpmsnIpm

jωLsn

∣∣∣∣ (28)

Here, Vout, which is set by the switch-mode controller, is now
a factor in the equation as well as the primary currents. Using
Pout as the optimisation objective instead of keff and assuming
Vout stays constant at the desired nominal battery voltage, the
same exhaustive search controller from Section III-B can be
used to find the optimal primary currents for the highest power
transfer for the least effort from the primary (Sp).

Note that unlike the controller for keff , the secondary is
connected to a load and therefore Qs of each of the TPP
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secondary coils varies depending on the value of Vout set by
the switch-mode controller and Voc induced by the primary
as shown in (20). In a parallel tuned secondary, the TPP
secondary coils that have lower Voc induced in them would
naturally increase their Qs to compensate for the lower Voc

compared to coils in the other coils that have higher Voc. In
this paper, the exhaustive search controller did not consider
any combinations of primary currents that resulted in a Qs of
higher than 10 in any of the secondary coils to keep the system
from being too sensitive and minimise the losses in the coils.
While it is not implemented in this paper, the secondary coils
with relatively low Voc that subsequently transfer low power
to the load can be turned off to minimise the losses rather than
running the secondary coils at high Qs.

IV. SIMULATION OF MAGNETIC PADS

The simulations in this paper investigate both keff and Bleak

generated by CP-CP, CP-TPP, TPP-CP and TPP-TPP systems.
The simulation models for the TPP and the CP with dimension
labels are shown in Fig. 7 and the corresponding dimensions
are labelled in the Appedix. The ferrite and aluminium plates
of both systems were designed to be the same dimensions
for simplicity. The aluminium plate is placed underneath the
ferrite to shield Bleak and to preserve structural rigidity of
the pads. The surface area, copper, ferrite and aluminium
volume of both systems have been designed to be as similar
as possible to ensure a fair comparison. The primary and
secondary coil sizes were deliberately matched in this analysis
to ensure good coupling [27]. The CP primary was then sized
with a similar area to other higher power topologies under
consideration in standards work [38] while ensuring it met the
highest power level (WPT4) likely to be considered necessary
in future around 20 kW to the load at the designed air-gap
and within desired tolerances. The sizes of the TPP primary
and secondary were then matched to the CP using the same
ferrite and copper volumes to enable the two topologies to be
fairly compared. Further size optimization, which beyond the
scope of this paper, naturally should be undertaken based on
the desired tolerances and requirements to ensure power can
be delivered to the various sized vehicle pads presently under
investigation by manufacturers at the various power ranges and
air-gaps expected.

For the simulations, the ideal alignment is where the centre
of the primary and the secondary are vertically centred with

Y
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Fig. 7: Top and front views for (a) the CP and (b) the TPP
with dimension labels.
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Fig. 8: Simulation model of TPP-TPP showing the different
directions of displacement and the planes for Bleak measure-
ment.

each other with a 150mm air gap. Since the TPP is not
perfectly symmetrical like the CP in every direction, misalign-
ment performances are measured at three different angles (0◦,
30◦ and 60◦) respective to the X axis as shown in Fig. 8.
All simulations are carried out at an operating frequency of
85 kHz.

A. Effective Coupling Factor

The simulated keff between the CP-CP, CP-TPP, TPP-CP
and TPP-TPP systems described above for 20 kW of power
transfer are shown in Fig. 9, 10 and 11. In a CP-CP system,
keff peaks at ideal alignment and then decreases as the CP
secondary is displaced further away from ideal alignment. In
Fig. 9, 10 and 11, a larger misalignment of 300mm is shown
to present an example of the power transfer capability of TPP-
TPP system at extreme misalignments. However, other results
shown in this paper focus on misalignments up to 200mm
as the keff of some topologies decrease to a very low level
at extreme misalignments that prevents any meaningful power
transfer without generating a very high leakage magnetic flux.

Without misalignment, CP-CP system achieves a higher keff

than the TPP-TPP system. However, the TPP primary utilises
the controller described in Section III-B to generate different
magnetic field shapes for all displacements of the TPP sec-
ondary and this ensures a high and relatively flat keff profile
for the TPP-TPP system. keff does not decrease below 0.2 for
the TPP-TPP even at worst-case secondary displacement of
300mm in any direction as shown in Fig. 9, which ensures
lower stress on the primary electronics and reduces Bleak as
discussed later. This shows that TPP-TPP systems have a high
power transfer capability in any direction especially in cases
where the secondary is prone to misalignment.

The keff of systems using the CP-TPP and the TPP-CP are
similar as shown in Fig. 10 and 11 since the only difference
between the two systems is that the primary pad and the
secondary pads are switched over. Both CP-TPP and TPP-
CP systems show improved keff to the CP-CP system when
the secondary is displaced. However, the keff of the CP-TPP
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Fig. 9: keff for CP-CP and TPP-TPP at 150mm air gap.
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Fig. 10: keff for CP-CP and CP-TPP at 150mm air gap.
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Fig. 11: keff for CP-CP and TPP-CP at 150mm air gap.

and TPP-CP systems are more sensitive to the direction of the
secondary displacement in contrast to the TPP-TPP system,
which is agnostic to the direction of the displacement in the
system.

Examples of the RMS magnetic field density of the CP-
CP and the TPP-TPP systems transferring 20 kW are shown
when the secondary is displaced by 200mm in the X direction
in Fig. 12. The magnetic field density plots are based off
the cutplane in the XZ plane shown in Fig. 8. Since the
CP primary only has a single coil, the entire coil needs to
be energised regardless of the displacement of the secondary
as shown in Fig. 12 (a). As noted earlier, the TPP primary

(a)

(b)

Z

X

Selective energisation

M
agnetic flux density (m

T
)

2.50

0.50

1.00

1.5

2.00
2.25

1.75

1.25

0.75

Fig. 12: Magnetic field density (RMS) of a cutplane along
the X axis of (a) CP-CP and (b) TPP-TPP at a secondary
displacement of 200mm.

selectively energises the coils that have higher individual
magnetic coupling to the secondary as shown in Fig. 12 (b),
which results in higher keff and lower Bleak.

B. Leakage Magnetic field

Simulation results of Bleak of CP-CP, CP-TPP, TPP-CP and
TPP-TPP systems transferring 20 kW are shown up to 200mm
displacement in Fig. 13, 14 and 15. Vout is set to be 360V for
both CP-CP and TPP-TPP systems. Bleak is measured at XZ
and YZ planes 800mm away from the centre of the secondary
as shown in an example illustration in Fig. 8.
Bleak of CP-CP system shown in Fig. 13 is much higher

than that of the TPP-TPP system at all displacements. The
difference in Bleak between the two systems is increased as the
secondary is displaced further away from the ideal alignment.
At the worst-case displacement of 200mm, TPP-TPP system
has 56% lower Bleak than CP-CP system. This difference in
Bleak can be attributed to the selective energisation, shown in
Fig. 12, for two reasons. Firstly, the secondary pad acts as
a natural cover to limit the potential Bleak when it is placed
on top of a primary pad. As the secondary is displaced away
from the ideal alignment, more and more parts of the primary
pad are exposed to generate Bleak. The CP primary needs to
energise the entire coil so the exposed parts of the CP primary
increase Bleak. This is not the case for the TPP primary as
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Fig. 13: Bleak for CP-CP and TPP-TPP for 20 kW at 150mm
air gap.
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Fig. 15: Bleak for CP-CP and TPP-CP for 20 kW at 150mm
air gap.

the exhaustive controller energises TPP coils closer to the
secondary more than the TPP coils further away from the
secondary by design. In conjunction with this, the TPP-TPP
system requires less total Sp than CP-CP system since TPP-
TPP system has higher keff at misaligned positions, which
leads to even further reductions in Bleak.

While keff for CP-TPP and TPP-CP are similar as shown
previously, the Bleak generated from TPP-CP system can be
as much as 30% lower than the CP-TPP system at 200mm
displacement as shown in Fig. 14 and 15. This reduction in
Bleak is possible because of the way in which the TPP primary
coils are selectively energised as shown in Fig. 12, which is
not possible in a single coil primary.

The Qs of the CP-CP and TPP-TPP system for each of
the secondary coils are shown in Fig. 16. Previously it was
shown that Qs of the CP-CP system is directly proportional
to Vout as shown in (15). For example, Qs of the CP-CP
system is approximately 2.5, however, increasing Vout to
800V increases Qs of the CP-CP system to approximately
6.3 as shown in Fig. 16. The Qs of the CP-CP system stays
constant throughout all of the secondary displacements since
the primary controller assumes Vout to be fixed and is designed
to increase its primary current magnitude to compensate for
the decrease in magnetic coupling from misalignment.

In the TPP-TPP system, even though Vout is constant, the
individual Qs of the TPP secondary coils change depending on
the primary currents and the magnetic couplings between the
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Fig. 16: Qs for CP-CP and TPP-TPP 0◦ for 20 kW at 150mm
air gap.

coils as described in (20). The variation in Qs of each of the
TPP secondary coils is shown in Fig. 16 as the secondary
is displaced in 0◦ direction. Near the ideal alignment, the
individual magnetic coupling of the TPP primary to TPP
secondary are relatively similar. The controller energises the
primary currents at similar levels so all of the TPP secondary
coils are at similar values of Qs. Near the worst-case secondary
displacement of 200mm in the X direction, only coil s1 has
high magnetic coupling to the TPP primary, which results in
coil s2 and s3 resonating up to a higher Qs. Coil s1 maintains
a high coupling to the secondary at all displacements in the
X direction, so the coil does not reach a high value of Qs. As
shown, the TPP secondary coils have varying Qs between the
coils that cannot be directly controlled if Vout is to be set to
a constant value unlike the CP secondary.

A new plot of Bleak of the CP-CP system with Vout set to
800V is shown in Fig. 17 and compared against the previous
results from the TPP-TPP system at Vout of 360V to show
how a CP-CP system with a higher Qs would perform. This
increase in Qs of the CP-CP system shifts some of the Sp

into Ss, which results in a decrease in Bleak at misaligned
positions. However, a higher Ss in the CP-CP system now
results in a higher Bleak at ideal alignment, which shows that
there is a trade-off to be made between Qs and Bleak. Even
with the higher Qs in the CP-CP system, the TPP-TPP system
has a much lower Bleak at all displacements. At the worst-case
displacement of 200mm, Bleak of the TPP-TPP system with
Vout of 360V is 43% lower than the CP-CP system with Vout

of 800V.

C. Distribution of Real and Apparent Power

The break down of the real and apparent power in the
primary and secondary pads as calculated from simulations for
both the CP-CP and TPP-TPP systems is shown in Table II.
This table provides an idea of the necessary component ratings
for the resonant circuits, rectifiers and H-bridges assuming the
systems were designed to transfer 20 kW up to either 100mm
or 150mm displacements. Note that the various coils of the
TPP primary and secondary have different contributions to the
transfer of power when the secondary is displaced in different
directions. In some cases one primary coil may provide a
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Fig. 17: Bleak for CP-CP at 800V Vout and TPP-TPP at 360V
Vout for 20 kW at 150mm air gap.

stronger magnetic coupling to the secondary, but the coupling
in other coils may be higher at displacements in the opposite
direction. As such, all coils and components would need to be
rated identically at the upper limit of the ratings identified.

If both of the systems had a nominal battery voltage (Vout)
set to 360V and secondary displacement of 100mm, the
component ratings in the TPP-TPP for each of the H-bridges
and rectifiers would be around half of the CP-CP and the
ratings of the primary resonant circuits would be around a
third of the CP-CP. When the displacement is increased up
to 150mm, the ratings for the components in the TPP-TPP
system increases slightly since the system now relies more on
coils with higher magnetic coupling to transfer power.

If the Vout of the CP-CP system was designed to be 800V,
the majority of the apparent power in the CP primary would
be shifted to the CP secondary due to the increase in Qs as
shown in Fig. 16. This makes the total apparent power in the
primary and the secondary pads similar for both systems at
displacements up to 150mm. In this case, the power rating
for H-bridges and rectifiers for the TPP-TPP remain at around
half of the CP-CP. However, each of the TPP primary resonant
circuit is now rated to be half of the CP primary, while the
secondary resonant circuit of the TPP is around a quarter of the
CP. This shows that while the TPP-TPP system require more
number of components, the components ratings are lower than
the CP-CP system while providing benefits in Bleak as shown
previously.

V. EXPERIMENTAL VALIDATION

The setup of the prototype system in the laboratory which
was used to validate the accuracy of the simulation tool used
in Section IV is shown in Fig. 18. Due to the availability
of resources, pre-fabricated TPPs were used for experimental
validation as shown in Fig. 19. The TPP primary is shown in
Fig. 19 (a) and the TPP secondary is shown in Fig. 19 (b).
The dimensions of the prototype TPP primary and secondary
are shown in Table III. Due to the changes in dimensions, a
new set of simulations were conducted using the dimensions
of the prototype TPP in Table III.

In Fig. 20, keff of the prototype and simulated TPP-TPP
systems are compared. The air gap between the TPP primary
and the TPP secondary is set to be 200mm. Salient coupling
factors between the TPP primary and the TPP secondary are
shown in Fig. 21. The individual coupling factors and keff

are in good agreement for the laboratory prototype and the
simulation.

TPP Primary

DC Input
DC Load

TPP 
Secondary

Controller

Inverter

Secondary 
rectification

Fig. 18: The experimental setup of the prototype TPP-TPP
system in the laboratory.

(a) (b)

Fig. 19: The experimental setup of the prototype (a) TPP
primary and (b) TPP secondary in the laboratory.

TABLE II: Distribution of real and apparent power in CP-CP and TPP-TPP systems∗

CP-CP 360 Vout CP-CP 800 Vout TPP-TPP 0◦ 360 Vout

(mm) (kVA) (kW) (kVA) (kW) (kVA) (kVA) (kW) (kW)
Disp. Sp Pp Sp Pp Sp1 Sp2 Sp3 Sp total Pp1 Pp2 Pp3 Pp total

100 99.74 20.83 42.95 21.26 26.31 5.96 28.25 60.52 8.56 3.09 9.59 21.24
Disp. Ss Ps Ss Ps Ss1 Ss2 Ss3 Ss total Ps1 Ps2 Ps3 Ps total

100 53.76 20.19 129.15 20.19 35.69 33.98 32.64 102.31 8.27 5.91 5.94 20.12
Disp. Sp Pp Sp Pp Sp1 Sp2 Sp3 Sp total Pp1 Pp2 Pp3 Pp total

150 169.51 22.06 68.55 21.29 28.39 3.22 35.31 66.92 7.68 1.62 12.13 21.43
Disp. Ss Ps Ss Ps Ss1 Ss2 Ss3 Ss total Ps1 Ps2 Ps3 Ps total

150 53.76 20.19 129.14 20.17 34.83 35.09 32.64 102.56 9.91 4.44 5.84 20.19
∗The values in this table are derived from the data shown in Fig. 9 and 16.
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Fig. 20: keff for prototype and simulated TPP-TPP systems.
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Fig. 22: Bmeas for prototype and simulated TPP-TPP systems
for 2 kW.

In Fig. 22, Bmeas of the prototype TPP-TPP system is
measured and compared with the simulation results. For
precise measurements, Bmeas is measured at a fixed point
800mm in the Y direction from the centre of the primary
pad. Note that Bmeas is not smoothly increasing or decreasing
since the controller is constantly changing the primary coil
magnitudes and phases depending on the displacement of
the secondary . The agreement of leakage magnetic field
between the prototype and the simulation results validates the
simulation tool.

Fig. 23 shows the primary currents of the prototype and sim-
ulated TPP-TPP systems when secondary is ideally aligned.
The current magnitudes and phases are determined by the
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Fig. 23: I1−3 for prototype and simulated TPP-TPP systems
for 2 kW at 0mm displacement.
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Fig. 24: I1−3 for prototype and simulated TPP-TPP systems
for 2 kW at 0mm displacement.

controller discussed previously in Section IV. The controller
found the optimal primary current magnitude to be 14.5A
and no phase difference between the three primary currents.
In Fig. 24, Vout and Iout are shown for the prototype and
simulated TPP-TPP systems. The switch-mode controller was
designed to set Vout to be 400V and efficiency from the dc
input to the inverters to the dc output to the load is 87% at
this displacement.

VI. CONCLUSION

In this paper, a TPP was evaluated against a CP with both
pads designed for 20 kW power transfer. The paper evaluates
all possible configurations including CP-CP, CP-TPP, TPP-
CP and TPP-TPP. The TPP is a recently proposed magnetic
structure using three mutually decoupled coils, in contrast to
common magnetic structures using a single coil such as the
CP or two coils. Mathematical models that account for the
rectification and switch-mode controllers are used for both
systems. Using the models, an exhaustive search controller
was developed to maximise the effective coupling factor (keff )
of the systems by controlling the primary current magnitudes
and phases. The TPP-TPP system has shown that keff can be
improved and is relatively flat irrespective of the displacement
of the secondary compared to the CP-CP system. Both systems
used a similar volume of copper, ferrite and aluminium. The
leakage magnetic field (Bleak) was also reduced in TPP-TPP
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system for all displacements compared to CP-CP system.
The leakage can be reduced up to 43% at the worst-case
misalignment, which is essential as higher power systems up to
20 kW are being considered for development. The simulation
tools used for the analysis were validated using a prorotype
system operating at 85 kHz in the laboratory, which resulted
in a dc-dc efficiency of 87% at ideal alignment.

APPENDIX

Dimensions corresponding to the labels shown in Fig. 7 are
shown in Table III for the simulation and prototype pads. The
prototype TPP used rectangular ferrite blocks with dimensions
of 125mm x 100mm x 10mm. The ferrite pieces were cut
or arranged to best resemble a circular ferrite sheet. The
aluminium sheet underneath both of the prototype TPP are
square shaped as shown in Fig. 19.

TABLE III: Dimensions of the labels for each of the pad
sizings for simulation and validation

Labels Sim. CP Sim. TPP Lab TPP pri Lab TPP sec
CU1 580 600 600 800
CU2 96 96 96 80
CU3 12 12 12 12
CU4 - 32 32 80
CU5 - 4 4 4
FE1 600 670 840 800
FE2 5 5 10 10
AL1 4 4 6 6
AL2 600 670 715 915
OL - 96 170 175
A1 1 1 1 1
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