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Abstract— This paper presents a method of designing a
three-phase wireless power transfer (WPT) transmitter analogous
to the stator windings of a three-phase, two-pole electrical
machine. A method of deriving the required transmitter coil
currents based on lateral receiver misalignment is presented,
wherein the transmitter currents are decomposed into direct
and quadrature axis components. This decomposition simplifies
the derivation of the transmitter currents required to minimize
copper losses for a wide range of receiver misalignment by reori-
enting the transmitter magnetic field toward the receiver. Based
on the required transmitter current, the required series com-
pensation capacitors and transmitter voltage sources needed for
unity power factor operation are calculated. Simulation results
are shown for a 3.3-kW system utilizing a receiver-side voltage-
doubling rectifier and 300-V battery. Finally, experimental results
on a 1-kW prototype are shown, where a coil efficiency of
95.17% at perfect receiver alignment and 90.52% at 20-cm lateral
misalignment was measured.

Index Terms— Contactless power transfer, field-oriented
control, magnetically coupled system.

I. INTRODUCTION

ELECTRIC vehicles (EVs) present an attractive alternative
to their internal combustion engine based counterparts

as they alleviate the emissions of greenhouse gases to the
environment. The greatest barrier to the widespread adoption
of EVs is range anxiety, which is mostly due to the lack of eas-
ily accessible charging infrastructure. Wireless power transfer
(WPT, Fig. 1.) offers a convenient method of mitigating this
barrier by offering charging opportunities without the need for
plugging in heavy-gauge cables [1], [2]. These cables can be
a safety hazard, especially in poor weather conditions [3], [4].

WPT utilizes a stationary charging coil arrangement to
produce a magnetic field which induces a voltage on a
receiving coil array present on the EV. This induced voltage is
rectified and used to charge the EV battery. The efficiency of
a WPT system is highly dependent on the positioning of the
receiver coil with respect to the transmitter [5]. As the receiver
is misaligned from the magnetic center of the transmitter,
the mutual inductances between the transmitter and receiver
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Fig. 1. Overview of a typical WPT system for EV charging.

coils degrade, and hence, higher currents are required in the
transmitter coils in order to transfer a given value of power
to the EV battery. These higher currents increase the copper
and power electronic losses in the transmitter and eventually
may reach the current limits of the transmitter, causing the
charging power to be limited [5].

Early WPT systems were designed with circular pads (CPs),
which utilized a simple magnetic structure [6], [7]. A downside
of the CP was the low levels of magnetic coupling and poor
misalignment tolerance a CP transmitter would have with a
given receiver [4]. Solenoid-based transmitter coil technolo-
gies were proposed as an alternative with higher coupling fac-
tors and improved misalignment tolerance [8], [9]. However,
these coil topologies suffered from a significant degradation
in transmission efficiency when aluminum shielding was used
for leakage flux mitigation [3].

The double-D (DD) pad was proposed as a coil topology,
which combined the benefits of the CP- and solenoid-based
transmitters, in that it exhibited high magnetic coupling and
reduced losses due to the aluminum shielding [10]. The
misalignment tolerance of the DD pad was improved by adding
a third quadrature coil, forming the DD-quadrature (DDQ)
topology [10]. An alternative coil topology, which exhibits
similar misalignment tolerance and coupling as the DDQ while
utilizing 25%–30% less copper, is the bipolar pad (BP). The
BP can be driven with current sources of varying magnitude
and phase in order to operate with magnetic coupling and
leakage flux characteristics which are required for a given
situation [11], [12]. In these studies, the BP was typically
driven with the two transmitter currents in-phase to create
a vertical flux pattern (suitable for a perfectly aligned CP
receiver or misaligned DD receiver) or with the transmitter
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currents 180◦ out of phase (suitable for a misaligned CP
receiver or aligned DD receiver). In [25], it was found that
the transmitter currents in a BP could be represented as
functions of their relative gain and phase difference and it
was possible to maximize system efficiency as a function of
misalignment by controlling these variables. Lin et al. [24]
stated that operating a BP transmitter in single-coil mode at
extreme misalignments resulted in the lowest possible leakage
flux.

Three-phase WPT transmitting coils have been proposed
as an alternative to the single- and two-phase topologies
discussed thus far. Initially, the work on three-phase
WPT transmitters focused on dynamic charging applica-
tions for automatic guided vehicles [13], [14], light rail
vehicles [15], [16], or low-power planar transformers [17].
Matsumoto et al. [18] proposed a static three-phase WPT
technology based on a circular design. In this study,
the receiver coil was also constrained to have the same mag-
netic structure as the three-phase transmitter. Kim et al. [19]
presented an alternative where the three circular transmitting
coils were overlapped in order to magnetically decouple them
similarly to the BP. This technique ensured that each phase
of the tripolar coil could be energized without impacting the
control of the current driven in other phases. The work in [20]
also examined the operation of this tripolar transmitter with
other receivers such as the CP. An exhaustive search controller
was used to derive the required magnitude and phases of the
transmitter currents in the tripolar coil.

This paper presents an alternative three-phase transmitter
for static WPT applications whose geometry is analogous to a
three-phase, two-pole stator winding of an electrical machine.
The lateral misalignment of the receiver with respect to the
transmitter is used to calculate an equivalent “rotor angle.”
Based on this angle, the Park transform can be used to
derive direct and quadrature axis components of transmitter
currents. Neglecting end effects of the three-phase wireless
transmitter, direct axis transmitter current corresponds to a
magnetic flux which is projected directly toward the receiver,
while the quadrature axis current corresponds to a magnetic
flux projected at a misalignment analogous to 90 equivalent
degrees from the receiver.

Using this knowledge, it is possible to derive a transmitter
current distribution which projects the generated magnetic
flux toward a receiver at any lateral misalignment. This field
reorientation maximizes the coil efficiency of the WPT system
by minimizing the magnitude of the transmitter current vector
required and hence, minimizing I 2 R losses. In contrast to the
method proposed by [25] used with Bipolar coils, the method-
ology presented in this paper allows the optimal transmitter
current to be calculated as a function of the receiver position.
The proposed method allows for a simplified solution method-
ology compared to the optimization-based technique in [30]
at the expense of requiring a transmitter structure, which is
designed according to a three-phase, two-pole winding.

In this paper, the proposed analysis is used to derive the
required transmitter currents, compensation capacitors, and
driving voltages as a function of misalignment for a WPT
system using a CP receiver topology. The CP is utilized on the

Fig. 2. Winding diagram of the four-coil WPT system.

Fig. 3. Four-coil WPT system geometry.

receiver side in order to minimize the weight and complexity
of the receiver mounted on the EV. The analysis is verified by
simulations and experimental results showing a WPT system
with a minimum coil efficiency of 90.52% at 20-cm lateral
misalignment for 1-kW power transfer into a 300-V battery.

II. SYSTEM MODELING

A winding diagram of the four-coil WPT system is shown
in Fig. 2. The three-phase transmitter is designed according to
a three-phase, two-pole electrical machine stator winding with
slots per pole per phase equal to 1 [22]. If this stator winding
design is “cut and unrolled” according to the conventional
procedure of linear machine design [23], the flat transmitter
structure shown in Fig. 2 is obtained. Given that the required
outer dimension of the transmitter was 600 mm, a pole pitch
p of 120 mm is used (which corresponds to a 120◦ phase
shift between each coil). This value of p gives rise to a width
of 360 mm for each transmitter coil.

Since a rectangular transmitter coil structure was desired,
the length of each individual transmitter coil was set to
600 mm, thereby giving rise to 360 mm × 600 mm dimensions
for each transmitter coil. The overall three-phase transmitter
had dimensions of 600 mm × 600 mm. The receiver was set
to have a CP structure and 300 mm × 300 mm dimensions.
Fig. 3 shows a constructed three-dimensional FEA model of
the four-coil WPT system in ANSYS Maxwell. Sixteen turns
were used for each transmitting coil, while 20 turns were used
for the receiver.

The first step in deriving the required transmitter currents
as a function of output power reference and receiver lateral
misalignment is to convert this misalignment into an equivalent
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Fig. 4. Electrical equivalent circuit of the four-coil WPT system.

angle. The following expression is used for this purpose:
θeq = πm

3 p
(1)

where m is the lateral misalignment of the receiver with
respect to the center of the transmitter, and p is the pole pitch
(120 mm in the design shown in Fig. 2).

Once the equivalent angle of the receiver with respect to
the transmitter is known, the relationship between the three
coil currents and their direct and quadrature components is
obtained from the (inverse) Park transform

I=
√

2

3

⎡
⎣ cos

(
θeq

) − sin(θeq)
√

2/2
cos

(
θeq − 2π/3

) − sin(θeq − 2π/3)
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2/2
cos

(
θeq + 2π/3

) − sin
(
θeq + 2π/3

) √
2/2

⎤
⎦
⎡
⎣ id

iq

i0

⎤
⎦
(2)

where I = [Ia, Ib, Ic]T . Since id , iq , and i0 are real-valued
and θeq is fixed for a given operating point, Ia − Ic will be
signed real values.

In the time domain, Ia − Ic can be represented as in(t) =
In cos(ωt), where ω is the operating frequency of the WPT
system in radians/second. Due to the sign differences in In ,
the transmitter currents in the time domain will either be
in-phase or 180◦ out of phase.

It should be noted that id produces a flux vector which is ori-
ented toward the receiver, whereas the quadrature component
produces a flux vector oriented at 90◦ from the receiver. This is
analogous to an electrical machine, where the d-axis current
produces magnetizing flux and the q-axis current generates
torque-producing flux. In contrast, i0 produces a common
mode flux which is not strongly directed at a particular lateral
position. As a result, i0 is set to zero in this paper to simplify
the analysis of the three-phase transmitter currents.

An equivalent electrical circuit of the four coil WPT system
is shown in Fig. 4. In this paper, series compensation capac-
itors will be used for both the transmitter and receiver coils
[subsystems (SS) compensation]. Ca is assigned to the center,
Cb to the right, and Cc to the left transmitter coils (A, B,
and C, respectively). Each of the transmitter coils is driven by

an independent voltage source, Va , Vb, and Vc for coils (A, B,
and C, respectively).

In the analytical model, the receiver is connected to the
series compensation capacitor Cr and an equivalent load
resistance RL .

The value of RL is derived from the first harmonic approx-
imation of a voltage-doubling rectifier with dc voltage load
Vdc and is given by

RL = 2V 2
dc

π2 Po
(3)

where Po is the desired output power level.

A. Current Reference Calculation

The electrical circuit shown in Fig. 4 can be analyzed in
the following fashion:⎡
⎢⎢⎣

Va

Vb

Vc

0

⎤
⎥⎥⎦=

⎡
⎢⎢⎣
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jωLRA jωLRB jωLRC ZsR

⎤
⎥⎥⎦

⎡
⎢⎢⎣

Ia

Ib

Ic

IR

⎤
⎥⎥⎦ .

(4)

The impedance ZsN is defined as

ZsN = jωLnn − j

ωCn
+ Rn. (5)

For coils A, B, and C, the resistance in this equation is their
own intrinsic resistance. For coil R, this resistance is equal to
the sum of this intrinsic resistance with RL .

In this paper, the value of CR is calculated to compensate
for the self-inductance of the receiver

CR = 1

ω2 LRR
. (6)

The receiver current can then be calculated from (4) as
follows:

IR = − jω (LAR IA + LBR IB + LCR IC )

RL + RR
(7)

where RR is the resistance of the receiver coil. Note that
the receiver current is purely imaginary, indicating that there
will be a 90◦ phase shift between the transmitter and receiver
currents. If iq = 0 and i0 = 0, the inverse park transform can
be used to derive the receiver current as a function of id (8),
as shown at the bottom of the next page.

Since Po = |IR |2 RL , the required id for given output power
and misalignment is (9), as shown at the bottom of the next
page.

Equation (2) can then be used to calculate the required
current magnitude in each phase.

The required compensation capacitors are obtained by solv-
ing the first three rows of (4) for the capacitance values, which
result in zero imaginary component for the transmitter voltages
(thereby resulting in unity transmitter power factor)

Ca = Ia

ω2(LAA Ia + LAB Ib + LAC Ic)
(10)

Cb = Ib

ω2(LBA Ia + LBB Ib + LBC Ic)
(11)

Cc = IC

ω2(LCA Ia + LCB Ib + LCC Ic)
. (12)
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Based on these capacitance values and the known id ref-
erence for a given power and misalignment, the required
transmitter voltages can be calculated as

Va = Ia Ra + ω2 LAR(LAR Ia + LBR Ib + LCR Ic)

Rr + RL
(13)

Vb = Ib Rb + ω2 LBR(LAR Ia + LBR Ib + LCR Ic)

Rr + RL
(14)

Vc = Ic Rc + ω2 LCR(LAR Ia + LBR Ib + LCR Ic)

Rr + RL
. (15)

The total copper losses of the WPT system are given by the
following equation:

Pl = |Ia |2 Ra + |Ib|2 Rb + |Ic|2 Rc + |Ir |2 Rr . (16)

The calculated efficiency is then obtained by

η = Po

Po + Pl
(17)

where Po = |IR |2 RL .

B. Calculated Performance

A finite element model was constructed in ANSYS Maxwell
based on the geometry shown in Fig. 3. This model was used
to compute the self and mutual inductances of the four-coil
WPT system. The receiver coil resistance (Rr ) was 110 m�,
while the transmitter coil resistances (Ra − Rc) were 200 m�.

At perfect receiver alignment, the following inductance
matrix is obtained:

L =

⎡
⎢⎢⎣

223 μH 85 μH 87 μH 14.8 μH
85 μH 224 μH −5.7 μH −11.4 μH
87 μH −5.7 μH 224 μH −10.8 μH

14.8 μH −11.4 μH −10.8 μH 129 μH

⎤
⎥⎥⎦.

The signs of mutual inductance are determined based on a
positive coil current defined as flowing into terminal N1 and
out of terminal N2 and induced voltage being measured
across terminals N1–N2, where N represents the coil subscript
shown in Fig. 2 (A, B, C, or R). A negative mutual inductance
value indicates that a positive injection of current into one coil
will induce a negative voltage measured from terminal 1 to 2
of the coupled coil.

As the receiver is misaligned from the center of the transmit-
ting coil, the mutual inductances between the transmitting coil
and the receiver begin to change. Fig. 5 shows this variation
as the receiver is moved from the center of the transmitting
coil toward the right side of Fig. 3 (i.e., toward coil B).

Fig. 5. Variation of transmitter–receiver mutual inductance with receiver
misalignment.

Fig. 6. Required id reference as a function of misalignment for 3.3-kW
power transfer.

Based on these inductances, the required d-axis current
reference for 3.3 kW output power can be calculated using
(1), (3), and (9), as shown in Fig. 6. Once the required id is
known and given that iq and i0 are set to zero, the required
current in each transmitter coil can be given by (2). Fig. 7
shows the calculated current magnitude values in each coil as
a function of receiver misalignment. The phase value of each
current is zero; thus, due to the positive or negative signs in the
time domain, each current waveform is either in-phase or 180◦
out of phase. This configuration ensures that the requirement
of i0 = 0 is respected.

IR = −√
2 jωid

(
LAR cos(θeq) + LBR

(
θeq − 2π

3

) + LCR
(
θeq + 2π

3

))
(
√

3(RL + Rr ))
(8)

id =
√√√√ 3Po(RL + Rr )2

2ω2 RL
(
LAR cos θeq + LBR cos

(
θeq − 2π

3

) + LCR cos
(
θeq + 2π

3

))2 (9)
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Fig. 7. Required transmitter coil current magnitude values as a function of
misalignment for 3.3-kW power transfer.

Fig. 8. Dq current trajectories for 3.3-kW output power at misalignments
of 0, 10, and 20 cm.

C. Investigation of iq Injection

Ideally (with an infinitely long stator), injecting iq should
not produce any flux aligned with the receiver. However, due
to the end effects of the three-coil transmitter, it is envisaged
that there may be solutions resulting in higher efficiency if an
injection of iq was used.

Fig. 8 shows contour plots of transmitter coil magnitude
|I | = (i2

d + i2
q )1/2 as id is varied from 0 to 25 A, and iq is

varied from 0 to −25 A. On the same plot, three dashed lines
are shown providing the id and iq values, which result in an
output power of 3.3 kW at 0 cm (black), 10 cm (green), and
20 cm (blue) misalignment.

The dashed line corresponding to 3.3-kW power transfer at
0-cm misalignment is horizontal: this indicates that there is no
benefit in injecting iq when the receiver is perfectly aligned
with the receiver.

TABLE I

CURRENT VALUES FOR 3.3-kW POWER TRANSFER

In contrast, the dashed lines corresponding to 3.3-kW trans-
fer with 10- and 20-cm misalignment have slopes of increasing
magnitude. In fact, observation of the dashed line corre-
sponding to 3.3-kW power transfer at 10-cm misalignment
shows that only injecting id will require a current magnitude
of 15.3 A to transfer approximately 3.3 kW. However, injecting
an iq component of −6.4 A will reduce the required id for
3.3 kW transfer to be 11.8 A, resulting in a current magnitude
of |I | = 13.4 A. Since the transmitter copper losses are
proportional to the current magnitude squared, the injection
of iq clearly results in an efficiency improvement at 10-cm
misalignment.

The impact of iq injection is even greater at a misalignment
of 20 cm, which can be observed by the steeper blue dashed
curve compared to the green one. In all the observed mis-
alignment cases, the trajectory for constant power operation
is a straight line. We can obtain the q-axis intercept of this
line by solving (9) (which is now called as id0). The d-axis
intercept can be found by starting from (7) then applying the
inverse Park transform with the value of id and i0 set to zero.
The resulting equation is given in (18), as shown at the bottom
of the page.

Once the values of both id0 and iq0 are known, the trajectory
of id and iq , which results in a required value of output power,
can be obtained by solving for the equation of a straight line

id = id0

(
1 − iq

iq0

)
. (19)

Given the set of id and iq , which result in the desired output
power, are obtained from (19), the values of these variables
can be solved numerically to minimize |I | (thereby minimizing
copper losses).

Table I shows the values of id and iq , which result in the
lowest |I | (for 0–15 cm) for the required 3.3-kW output power
and q-axis current values, were selected in order to provide a
nonnegative value for Cc (which would occur if the dq currents
for different values of misalignment, along with the resulting
three-phase coil current magnitudes. For the 20-cm case, the d
for minimum |I | was used). Once the currents are known,
(10)–(15) can be used to calculate the required voltage and

iq0 = −
√√√√ 3Po(RL + R4)2

2ω2 RL
(
LAR sin θeq + LBR sin

(
θeq − 2π

3

) + LCR sin
(
θeq + 2π

3

))2 (18)
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TABLE II

VOLTAGE AND CAPACITANCE FOR 3.3-kW POWER TRANSFER

TABLE III

VOLTAGES AND POWER FACTOR WITHOUT RETUNING

series compensation capacitor values for the transmitting coils
which are shown in Table II.

It should be noted that the value of Ib increases as a function
of misalignment, while Ic reduces. This is intuitive since the
definition of misalignment in this paper is that the receiver is
moving laterally toward the coil B (driven by Ib) and away
from the coil C (driven by Ic).

The reduced transmitter current magnitudes which arise
due to iq injection ultimately will result in a reduction of
transmitter copper loss. As a result, iq injection is used in
the remainder of this paper.

D. Switched Capacitor Justification and Implementation

A question that could be raised is the impact of using
fixed capacitors for Ca and Cb rather than the variable values
in Table II. Table III shows the calculated values of power
factor for phases B and C in addition to the required transmitter
voltage magnitudes, when Ca and Cb were fixed to their per-
fect alignment value (8.7 nF). The largest transmitter voltage
for the nonretuning case in Table III is 2.98 times greater than
the largest voltage obtained with capacitor retuning in Table II.

This increase in voltage will result in a greater required
voltage rating for the transmitter power electronic converter.
Moreover, the increased dc bus voltage needed will result
in increased switching losses, thereby driving down the sys-
tem efficiency. For these reasons, a switched-capacitor based
approach is proposed for Cb and Cc.

The experimental work presented in this paper depends on
the off-line retuning of capacitors to ensure correct values of
Cb and Cc are obtained. A commercially deployable variant
of this method could be achieved by using receiver position
detection methods based on radio-frequency identification sen-
sors [26] or transmitter-side electrical information [27]. The
required variable transmitter capacitances can be implemented
via capacitor banks, which allow different capacitance values
to be synthesized. The desired capacitor values can be obtained

Fig. 9. Switched capacitor implementation using ac switches comprised of
single MOSFETs for ZCS [28] or anti-series MOSFETs for ZVS [29].

Fig. 10. Power electronic topology to be used with the four-coil WPT system.

by utilizing semiconductors as selector switches. The series
capacitor-insulated gate bipolar transistor (IGBT) configura-
tion in [28] can be adopted for this application (replacing the
IGBT with a MOSFET to reduce losses). When the gate signal
of the MOSFET is set to zero, the MOSFET will turn off
with zero current switching as the resonant current attempts
to reverse through the anti-parallel diode. This results in a
condition corresponding to state 5 in [28] where the capacitor
remains charged but will not conduct any current until the
MOSFET is gated on again.

An alternative method is to use anti-series MOSFETs as
capacitance selector switches [29]. In comparison to the
method presented in [28], the MOSFETs can be turned off
at the capacitor voltage zero-crossing, meaning that no stored
dc voltage will be present on a capacitor while it is not
inserted into the circuit. This will result in lower voltage stress
across the selector MOSFETs compared to the method in [28].
The downside of using anti-series MOSFETs is that a more
complex gate driver is required, and precise sensing is needed
to ensure zero voltage switching is achieved.

Fig. 9 shows examples of how the methods of [28] and [29]
can be used to synthesize capacitance values which are close
to Cb and Cc (2.5, 5, 6.75, 9.25, and 11.75 nF) in Table II.

III. SIMULATION MODEL

Fig. 10 shows the power electronic topology, which was
used to realize the four-coil WPT system. On the transmitter
side, a three-phase, the two-level inverter is used. The three
transmitter coils are star-connected, and the resulting neutral
point is connected to the negative terminal of the inverter
dc bus. This technique allows the three transmitter coils to
be independently driven by each phase leg of the inverter.
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TABLE IV

SIMULATION MODEL PARAMETERS

In addition, the series compensation capacitors Ca −Cc act as
coupling capacitors, which remove the dc component present
on each transmitter coil voltage, when this topology and
modulation scheme is used. The fundamental component of
the transmitter voltage can be derived from the Fourier series
decomposition and is given in (20)–(22), where d is the duty
cycle of a phase leg in the two-level inverter

a1 = Vdc

π
sin(2πd) (20)

b1 = Vdc

π
[cos (2πd) − 1] (21)

V1(t) = a1 cos(ωt) + b1 sin (ωt). (22)

A voltage-doubling rectifier is used on the receiver side in
conjunction with series compensation capacitor Cr . On the
dc side of this rectifier, a filter inductor L f is used to filter
the ripple component of the battery current, when combined
with the dc capacitors Cdc1 and Cdc2. Values of 40 μF for
the capacitors and 2.2 μH for the inductor were used to filter
the 170-kHz dc current ripple component (second harmonic
of the operating frequency).

A simulation model was constructed in Simulink in order
to verify the current references and compensation capacitors
derived for different alignments in Section II-C, in addition
to the power electronic topology and modulation scheme
introduced in this section. The self and mutual inductance
values of the coils were the same as those given in Section II-
B, while the compensation capacitor values were the same
as those shown in Table II. The remaining parameters in the
model, which were held constant as a function of misalignment
are listed in Table IV.

It is intended that the simulation model should deliver the
same fundamental transmitter voltages listed in Table II as a
function of misalignment. In order to minimize the harmonic
distortion of the modulated transmitter voltage waveforms,
the inverter dc-link voltage Vdc was controlled in order to
ensure that at least one of the three legs of the transmitter
inverter would operate at a duty cycle of 50%. This Vdc is
calculated using the following equation:

Vdc = max(Vn pk ) × π

2
, n ∈ 1, 2, 3. (23)

The value given by (21) is also the minimum required
inverter dc-link voltage. The required values of Vdc for receiver
misalignments in the range 0–20 cm are provided in Table V,
together with the required duty cycles and phase shifts of

TABLE V

CALCULATED DUTY CYCLE AND PHASE SHIFT VALUES FOR EACH LEG

Fig. 11. Simulated transmitter voltage and current waveforms for 3.3-kW
power transfer at perfect alignment (m = 0).

Fig. 12. Frequency spectra of the simulated transmitter voltages and currents
for 3.3-kW power transfer at perfect alignment (m = 0).

each leg of the three-phase inverter. This table also shows
the required phase angle α, which must be applied to the gate
drive signal of each inverter leg to ensure the voltages are
either in phase or 180◦ out of phase, as given in Table II.

Fig. 11 shows the simulated phase voltage and current
values at perfect alignment (m = 0). While significant second
and third harmonic components exist in the transmitter current
waveforms, no dc current component exists. This indicates
that the series compensation capacitors have removed the
dc voltage bias, as intended. The frequency spectra of the
transmitter voltages and currents shown in Fig. 12 show this:
while there is a clear 0-Hz component in the voltage spectrum,
it is absent from the current spectrum. The elimination of
dc bias in the transmitter currents is essential for future
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TABLE VI

SIMULATED TRANSMITTER FUNDAMENTAL RMS COMPONENTS

Fig. 13. Comparison of calculated (using first harmonic analysis) and
simulated efficiency (from Simulink model) for a power transfer of 3.3 kW
into a 300-V battery.

transmitter designs, which include magnetic material since this
bias current can be a cause of magnetic saturation.

The fundamental rms components of transmitter voltage and
current for a range of misalignment between 0 and 20 cm are
shown in Table VI. Comparing these results with the voltage
and current references derived based on first harmonic analysis
in Tables II and III validates the efficacy of the selected power
electronic converter topology and modulation method.

Fig. 13 shows a comparison of the calculated (17) and
simulated (using the Simulink model used in this section) coil
efficiencies as a function of misalignment for an output power
of 3.3 kW. The reduction in simulated efficiency is due to the
first harmonic approximation (Section II) neglecting the higher
order harmonics in the transmitter and receiver currents which
arise due to the choice of power electronic converter topology
and modulation strategy.

Fig. 14 shows the magnetic flux density vectors calculated
by two-dimensional finite-element simulations conducted in
ANSYS Maxwell for misalignments of 0, 10, and 20 cm. The
coils were excited with corresponding current values given
in Table VI for these simulations. The flux density plots
show that the strongest vertical component of flux density
“shifts” toward the right for the 10- and 20-cm misaligned
cases. At 20 cm, the strongest vertical flux density component
cannot be shifted laterally all the way toward the receiver using
the transmitter current distribution from Table VI. This is the
reason for the efficiency degradation from 97% at 10 cm to
96% at 20 cm, which is shown in Fig. 13.

Fig. 14. Magnetic flux density vector graph from ANSYS Maxwell, for
misalignments of 0 cm (top), 10 cm (middle), and 20 cm (bottom), where
transmitter excitation currents at each misalignment were obtained from
Table VI.

Fig. 15. Comparison of calculated (using first harmonic analysis) and
simulated (from Simulink model) efficiency as a function of output power
when a 300-V battery with a receiver-side voltage-doubling rectifier was used.

Calculated (17) and simulated (from Simulink model)
results of coil efficiency as a function of output power for
misalignments of 0 and 20 cm are shown in Fig. 15. For both
cases, the efficiency is lower for lower power transfer levels.
The reason behind this can be understood by realizing that the
transmitter copper losses are constant as a function of output
power when a battery load with rectifier (voltage doubler
or conventional) is used on the receiver side. In contrast,
the receiver copper losses increase as a function of output
power.

In the four-coil WPT system investigated in this paper, the
transmitter copper losses are greater than the receiver copper
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Fig. 16. Experimental setup built in the laboratory.

TABLE VII

REQUIRED TRANSMITTER CURRENT AND VOLTAGE

FOR 1-kW POWER TRANSFER

losses due to the higher resistance of the transmitter coils and
the higher number of transmitter coils with respect to receiver
coils. Thus, a significant efficiency degradation is noted at
low output power values since the transmitter copper losses
become significant when compared to the output power.

IV. EXPERIMENTAL SETUP

As shown in Fig. 16, a 1-kW experimental prototype of
the WPT system was constructed in order to verify the
proposed method of deriving transmitter currents as a function
of misalignment. The transmitter and receiver coils were con-
structed using NELD1100 litz wire from New England Wire
Technologies, while a high-frequency inverter utilizing Cree
C2M0025120D SiC MOSFETs was used for the transmitter
power electronics. The receiver-side voltage-doubling rectifier
was developed using Cree C4D2012A SiC Schottky diodes.
The compensation capacitors were deployed by forming matri-
ces of series and parallel Elcon 5PT capacitors in order to
achieve the required capacitor voltage and current ratings. All
measured values shown in this section were obtained using a
Hioki PW6001 power analyzer.

Table VII shows the required transmitter d and q-axis
current references and corresponding phase voltages as a
function of receiver misalignment. It should be noted that the
voltage values in Table VII are the true rms values (including
all harmonic components).

Table VIII shows the values of transmitter coil compensa-
tion capacitors Ca , Cb, and Cc, which were calculated accord-
ing to (10)–(12) based on the current references in Table VI,

TABLE VIII

DESIRED AND ACTUAL TRANSMITTER COMPENSATION CAPACITORS

Fig. 17. Comparison of simulated and experimental transmitter current rms
values as a function of receiver misalignment for 1-kW power transfer to a
300-V battery load.

and the mutual inductance variation is shown in Fig. 5. Due
to limitations in available capacitors, it was only possible to
synthesize transmitter capacitors of 2.5, 5, 7.5, 6.75, 8.25, and
11.75 nF. As a result, the closest capacitance value to the
calculated required capacitance was used in experiments.

These were labeled as Cap−Ccp. The ideal required receiver
side capacitance at a frequency of 85 kHz was calculated
from (6) to be 26.4 nF. The closest possible value of capaci-
tance which could be created was 27.5 nF, which was used in
all experimental results.

Due to the nonideal capacitor values which were used,
the inverter switching frequency had to be slightly modified
from the nominal value of 85 kHz at all misalignments
apart from 5 cm. These changes were required in order
to compensate for the differences between the desired and
actual reactive power values, which were supplied by the
compensation capacitors. It should be noted, however, that the
required level of frequency tuning was well within the range
of 81.38 to 90 kHz which is specified by SAE recommended
practice J2954 [21].

Fig. 17 shows a comparison of the simulated and experimen-
tal rms transmitter current values as a function of misalignment
for 1-kW power transfer. The required transmitter current
references were calculated according to the values of id and
iq provided in Table VII. As desired, when the receiver
is misaligned toward the right (toward coil “B” and away
from “C”), the current in coil C is reduced while the current
in coil B is increased.
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Fig. 18. Comparison of simulated and experimental coil efficiency as a
function of misalignment for 1-kW power transfer into a 300-V battery load.

The coil efficiency of the four-coil WPT system is plotted
as a function of receiver misalignment for a power transfer
of 1 kW into a 300-V battery is shown in Fig. 18. A peak
measured efficiency of 95.17% was obtained at perfect align-
ment, which degraded to a value of 90.52% at a misalign-
ment of 20 cm. SAE J2954 specifies a minimum required
grid to battery efficiency of 80% at a lateral misalignment
of 7.5 cm. The measured coil efficiency at 10 cm is 94.53%,
indicating that the proposed design should comfortably meet
the SAE specifications even when power electronic losses are
considered.

The simulated coil efficiency shown in Fig. 18 includes ESR
losses of the compensation capacitors used in the experimental
system estimated from datasheet values, in addition to the
transmitter coil resistances. The error between simulated and
experimental efficiency is less than 1.5% across all alignments.
The discrepancy is due to unmodelled losses in the PCB traces
and solder contact points of the capacitor arrays, along with
wiring resistances.

Comparison of the simulated efficiency shown in Fig. 18
(for 1-kW power transfer) with the simulated curve
in Fig. 13 shows a significant degradation from 95.8% to
91.9% at 20-cm misalignment. The reason for this can be
understood by referring to Fig. 15, and the discussion in the
previous section which explained that the required transmitter
current in order to induce enough receiver voltage for power
transfer with a rectifier load ultimately resulted in a significant
efficiency degradation at low power values, especially for the
misaligned case.

Fig. 19 shows the distribution of measured transmitter coil
powers for 1-kW power transfer at the different receiver align-
ments. At perfect alignment, most of the power is transferred
from coil A, while the remainder is almost equally distributed
between coils B and C. As the receiver is misaligned toward
coil B, the power transferred by coil C is reduced and even-
tually becomes zero at 15-cm misalignment. For the 20-cm
misalignment case, most of the power is transmitted by coil B.

Fig. 20 shows the simulated waveforms of the currents and
voltages for 1-kW power transfer at perfect receiver alignment.
From the waveforms, it is apparent that the compensation

Fig. 19. Measured transmitter coil powers as a function of misalignment,
for 1-kW power transfer.

Fig. 20. Simulated waveforms for 1 kW of power transfer at 0-cm
misalignment.

Fig. 21. Experimental waveforms of inverter phase “A” voltage (channel 1),
phase “A” current (channel 2), phase “C” current (channel 3), and phase “B”
current (channel 4) at a misalignment of 0 cm.

capacitor selection results in virtually no phase shift between
the current waveforms and the voltage pulses. This is verified
by the experimental waveforms of the same operating condi-
tion in Fig. 21. The experimental waveform only shows the

Authorized licensed use limited to: The University of Toronto. Downloaded on February 03,2025 at 02:39:22 UTC from IEEE Xplore.  Restrictions apply. 



PATHMANATHAN et al.: FIELD-ORIENTED CONTROL OF A THREE-PHASE WPT SYSTEM TRANSMITTER 1025

Fig. 22. Experimental waveforms of inverter phase “A” voltage (channel 1),
phase “A” current (channel 2), phase “C” current (channel 3), and receiver
current (channel 4) at 0-cm misalignment.

Fig. 23. Simulated waveforms for 1 kW of power transfer at 20-cm
misalignment.

voltage Va (applied to coil A) since the oscilloscope only had
four channels.

The experimental waveforms in Fig. 22 show the mea-
sured waveforms at perfect alignment again, but with the
receiver current shown instead of phase “B” current. A 90◦
phase difference is present between the receiver current and
the phase “A” current both in the experimental waveforms
in Fig. 22 and the simulation in Fig. 12. It is apparent from
these that the receiver self-compensation method of (6) and
(7) has been correctly applied since a phase shift of 90◦ is
presented between Ia and Ir .

The simulated waveforms for 20-cm misalignment are
shown in Fig. 23. Comparing with Fig. 20, the current
magnitude in coil B (Ib) has increased, while the current
in coil “C” (Ic) has decreased significantly. Once again,
the phase shift between the current waveforms and voltage
pulses are near zero indicating the success of the chosen
compensation strategy. The experimental waveforms for this
case are shown in Fig. 24 and have a close correspondence
with the simulated values. Once again, due to the limitation of
oscilloscope channels, only Vb was shown (voltage applied to
coil “B”).

Fig. 24. Experimental waveforms of inverter phase “B” voltage (channel 1),
phase “A” current (channel 2), phase “C” current (channel 3), and phase “B”
current (channel 4) at a misalignment of 20 cm.

V. CONCLUSION

This paper presented the design of a three-phase WPT
transmitter based on a three-phase two-pole electrical machine
stator. Due to this design, it was possible to express the
transmitter currents in terms of direct and quadrature axis
components for a given receiver misalignment.

A method of calculating the required series compensation
capacitances and transmitter voltages was presented for given
direct and quadrature current references. A transmitter power
electronic converter topology based on a three-phase inverter
modulated in half-bridge mode was used in order to minimize
the required power electronic switches needed to drive the
three-phase WPT transmitter. A voltage-doubling rectifier was
used to connect the receiver to a battery.

The performance of this design was verified by simulations
at a power transfer level of 3.3 kW, and experimental results
on a 1-kW prototype. The measured coil efficiency was
95.17% at perfect alignment, which degraded to 90.52% at
a misalignment of 20 cm.

Future work in this area includes the development of a sen-
sorless receiver position sensing algorithm and a closed loop
control algorithm, which allows for the real-time computation
of inverter duty cycle and phase shift parameters along with
dynamic retuning of transmitter compensation capacitors as a
function of receiver misalignment.
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