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Abstract—Wireless/contactless charging of electric vehicles can
improve the safety and convenience of the electric vehicle charging
process. However, in order to enable wireless charging on an electric
vehicle, additional components need to be added to the vehicle,
which increase the cost, and weight of the vehicle. Specifically, a
wireless receiver coil and power electronics are required to receive
the wireless power and charge the battery. This work proposes a
new integrated wireless charger, which reuses the existing drive-
train components, such as the traction inverters and the motor,
to serve as the receiver-side power electronics for wireless charg-
ing. Importantly, this topology limits the high frequency currents
entering the traction components, such as the motor, which are
susceptible to high frequency losses. The drivetrain can serve to
control the charging rate of the batteries, which eliminates the
need for transmitter side battery charging control and communi-
cation. Experimental validation was done by coupling a 110 kW
EV machine and dual-inverter drivetrain to a 6.6 kW wireless
transmission system. A peak charging efficiency of 94.3% over a
vertical coil distance of 200 mm was achieved.

Index Terms—Battery charging, dual-inverter, electric vehicle,
integrated charging, motor drives, wireless charging.

I. INTRODUCTION

INTEGRATED on-board charging has recently gained sig-
nificant interest in both academia and industry, due to the

potential cost and weight savings in the vehicle [1], [2], [3],
[4], [5], [6], [7]. Integrated charging involves repurposing the
existing drivetrain components, namely, the power electronics
and motor, to serve as part of the charging system. In doing
so, this can eliminate additional power electronics and mag-
netics (and their associated cooling requirements, connectors,
and enclosures) required for charging from an ac grid. Another
common advantage of integrated chargers are their high charging
power. As integrated chargers use the high power traction power
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electronics and motor, they can be capable of processing over
100 kW of power. Therefore, when used for charging, they
can allow higher charging currents, resulting in faster charging
speeds.

Various integrated chargers have been proposed in literature,
based on different drivetrain configurations. A simple solution
proposed in [8] demonstrated ac charging from a single phase
grid by connecting the grid through a diode bridge between
the motor’s neutral point and the negative dc terminal of the
battery. In this case, the traction inverter was operated as a three-
phase power factor correction (PFC) boost converter. Renault’s
commercially sold integrated charging solution involves using
a current source converter front-end to interface the drivetrain
to the grid [9], [10]. An interesting topology based on the dual-
inverter drive architecture was introduced in [11], where a silicon
carbide (SiC) active front end was added to allow bidirectional
ac charging at up to 19.2 kW. Peak efficiencies of 97% were
reported.

While conductive charging is the most common charging
method used today in most EVs, inductive wireless charging
has also been gaining popularity for its improved convenience
and safety [12]. While theoretically not as efficient as conductive
charging, some applications benefit greatly from wireless charg-
ing, such as transit vehicles, autonomous vehicles, as well as
vehicles operating in harsh conditions [13]. A significant amount
of research exists on improving the transmission efficiency
of wireless chargers, especially under misaligned conditions
[14], [15], [16], [17], [18], [19]. In [17], the losses associated
with transmitter-receiver coil misalignment were reduced by
employing field-oriented control to direct the magnetic field
toward the receiver. However, wireless charging systems are
usually very expensive and low power compared with even
single-phase ac charging. This has hindered the industrial adop-
tion of wireless charging solutions, and needs to be addressed.
In some instances, cost and weight savings on-board the car
are made by placing a passive, rectifying converter on-board
the car, and having the off-board transmitter power electronics
perform the necessary charge control. This means the controller
feedback variables must be transmitted from the vehicle to the
transmitter, using a form of wireless communication in real time.
This can pose a challenge for the robustness and security of the
vehicle/charger [20].

In order to eliminate the need for wireless communication
of sensitive controller feedback signals, the authors in [21],
[22], [23], [24], [25], and [26] have implemented the control
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Fig. 1. Integrated wireless charger proposed in [29], which utilizes the drive-
train.

on the receiver (on-board) side. However, in all of these cases,
the converters on-board the vehicle become significantly more
complex and expensive, making it prohibitive to scale up the
charging power.

Integrated wireless charging systems can reduce the cost
associated with on-board discrete wireless charging power elec-
tronics, while enabling higher charging power. Integration of
wireless charging is only recently being investigated. In [27],
the inductor required for the receiver side power electronics
was integrated with the receiver coil, reusing the ferrite cores
of the coils. However it still requires additional litz wire, which
is expensive. The work in [28] took this a step further by repur-
posing the vehicles on-board single-phase charger to perform
the majority of the receiver side charge control. This can be a
large cost savings, however it still requires a traditional on-board
single phase ac charger and is limited to the power of that
charger (usually around 6.6 kW). In [29], better integration was
achieved by connecting the wireless receiver coil through a diode
bridge between the neutral point of the motor and the negative
dc terminal of the battery, as shown in Fig. 1. This seems to
build on the integrated single phase charger in [8]. However,
this necessitates an additional diode bridge, and it still requires
traditional transmitter side control. Furthermore, it requires that
the drivetrain carry high frequency wireless charging currents,
which will either substantially degrade efficiency, or require
costly optimization of the drivetrain to limit high frequency
losses. The solution presented in [30] directly uses the traction
inverter to perform ac charging, driving, and wireless charging.
It relies on contactors to connect either the motor, ac grid, or
the wireless coil to the traction inverter. A disadvantage of this
configuration is the requirement of several high current, mul-
tipole contactors, which are large and expensive. Furthermore,
the traction inverter must be compatible with the high frequency
currents of the wireless coil, meaning it must be designed with
wide-band gap devices.

In this work, a new, completely integrated wireless charger, is
proposed and shown in Fig. 2. Similar to the integrated charger
proposed in [29] and [30], it builds upon a standard drivetrain
topology. The proposed integrated charger in this work builds
upon a dual inverter drive. The integrated charger consists of
several important blocks; the dual inverter drive, which consists
of two traction inverters, two batteries, and an open winding
machine, as well as the proposed connection to the compensated
wireless receiver coil. The proposed connection requires two
small capacitors as well as four switches (in this case, diodes).
This approach not only saves cost of the power electronic compo-
nents themselves, but also on the secondary requirements, such

Fig. 2. Proposed integrated wireless charger, which re-uses the switches (S1–
S4) introduced in [11] for wireless charging.

Fig. 3. Proposed integrated wireless charging system on an EV.

as liquid cooling plates, controller board, sensors, protection,
battery contactors, enclosures, and connectors. It should be noted
that in [11], it was shown that the four added switches can
also be used to perform integrated single-phase ac charging,
which can also eliminate the on-board charger; an improve-
ment over the solution proposed in [28] that requires a discrete
on-board charger. This also improves utilization of the added
switches S1, S2, S3, and S4, further improving the value-add of
the system. The proposed solution can also restrict the high
frequency currents of the wireless charging system from entering
the drivetrain, unlike the solution proposed in [29] and [30]. The
proposed solution is shown in the context of an EV in Fig. 3.

A wireless charging specific advantage of this topology is
that the power electronics on the drivetrain can be leveraged to
operate like a voltage doubler. This halves the voltage on the
receiver coil, which in turn means less flux is required from
the transmitter coil. This will improve wireless transmission
efficiency as it results in a lower current in the wireless trans-
mitter coil, which is often physically large with many turns, and
therefore subject to high ohmic losses [31].

II. PROPOSED TOPOLOGY

A challenge with using an integrated charger as the power
electronics for a wireless system is the high frequency require-
ments of the wireless power transfer. Nominally, the standard
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Fig. 4. Implementation of the wireless power transmission system.

for wireless power transfer recommends a frequency of 85 kHz.
From the drivetrain’s perspective, this high frequency current
can create significant losses. The large IGBT-based traction
inverters cannot switch that fast due to the large device tail
currents, and the motor magnetics may incur significant core
loss. The motor windings will also incur significant resistive
losses, due to the skin effect phenomenon. As such, the driv-
etrain operating frequency must be kept low, and within the
conventional operating range.

The proposed topology configuration meets a critical objec-
tive: the high frequency wireless currents do not enter the dual
inverter drive, they rather remain confined within the diodes
and the capacitors. SiC diodes can be used, which meet the
current rating of the wireless charging coil, and they can be
mounted on the same cooling heatsink as the traction inverters.
Normally, a challenge associated with dual inverter drives is that
two isolated batteries are used, making them incompatible with
existing charging solutions. The proposed topology and control
also addresses this challenge.

A. Wireless Coil Topology

The wireless power transmission system is shown in Fig. 4,
and is the specific implementation of the compensated receiver
coil modeled as a current source in Fig. 2. In this case, the coils
are rectangular coils. The transmitter coil is excited using a full
bridge converter that induces a voltage, over a gap of 200 mm,
onto the receiver coil. Finally, the compensated receiver coil
is connected to the integrated wireless charger. The detailed
parameters are described later in Table II. The dc-bus voltage
(Vin) is determined based on the coil parameters, and is a fixed
value during operation. Due to the compensation strategy, the
receiver acts as a current source, whose value is set by the dc-bus
voltage (Vin) on the transmitter side. Hence, the receiver current
is fixed and at a nominal value. More information regarding
different compensation techniques can be found in [32].

B. Principle of Operation

The integrated charger will have four main modes of opera-
tion: Standby mode, passive mode, active mode A, and active
mode B. The main difference between these operating modes
are how the traction inverters are controlled. Therefore, before
investigating each mode in detail, its important to describe the
operating principle of the traction inverters.

The traction inverters, shown in Fig. 5 are operated as a
multilevel, multiphase dc/dc converter. This can be shown by
considering the set of usable switching states, given in Table I.
It can be seen that based on the switches enabled, the output

Fig. 5. DC–DC stage implemented using the traction inverters and motor.

TABLE I
DC–DC STAGE SWITCHING STATES

voltage (Vdc) can be anywhere between zero and the sum of
both batteries. Consequently a relationship can be derived for
the output voltage (Vdc)

Vdc = D(Vb1 + Vb2) (1)

where D is a common duty cycle sent to switches
Sa,1, Sb,1, Sc,1 and Sa,2, Sb,2, Sc,2. Note that each half-bridge
itself is operated in a complementary manner.

In this case, the motor windings serve as the main filtering
element, defining the amplitude of ripple current in the dc/dc
converter. This raises two potential concerns: 1) the motor might
generate torque and 2) the motor inductance is usually small,
therefore it might lead to high ripple.

Torque generation is avoided in a permanently excited ma-
chine by ensuring the phase currents are equal. Based on the
Clarke transform, this equates to a zero sequence current, which
does not produce torque. In a symmetrical machine, zero se-
quence current can be driven by applying the same duty-cycle
to each phase.

With respect to the ripple current, there are two ripple currents
of concern: the phase ripple current and the output ripple current.
Due to its multiphase nature, the output current (Idc) is defined
as

Idc = Isa + Isb + Isc. (2)

Due to the multilevel and multiphase nature of the dual
inverter drive, two types of interleaving strategies can be applied
to minimize the ripple current. The first interleaving strategy
can be employed by phase shifting the carrier of the top and
bottom gating signals (Sa1 and Sa2) by 180◦. Looking at the
switching states in Table I, this enables states “b” and “c,”
which apply a smaller voltage step across the motor inductance.
This can increases the effective ripple frequency across the
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motor inductance to be at twice the switching frequency of the
traction inverters (fsw). The next interleaving strategy leverages
the multiphase nature of the traction inverters. As the output
current is the sum of the individual phase currents, if the ripple
of the phase currents are phase shifted by 120◦, then the output
ripple frequency will be at an effective of three times fsw. The
combination of both interleaving strategies can increase the
effective ripple frequency seen at the output (Idc) to be up to
6fsw. A more rigorous analysis of interleaving strategies are
done in [33] for a similar dc–dc converter. Note the “Vdc” column
in Table I is not the average value, rather the switched voltage
across the smoothing capacitors C1, C2. Practically, the ripple
frequency is important for reducing the size of capacitorsC1, C2,
which serve to smooth the voltage across the wireless receiver
coil.

The ripple across the motor inductance can be derived by
applying Kirchoffs voltage law. Neglecting parasitic resistances,
and considering phase “a” as an example, the voltage across the
inductor can be written as

vL(t) = Vdc − Vb1(Sa1)− Vb2(Sa2). (3)

Finally, the analytical equation for the inductor ripple can be
written as

ΔiL(t) =

⎧⎨
⎩

(Vdc−Vb1)D
fswLs

if 0 < D < 0.5

(Vdc−Vb1)(1−D)
fswLs

if 0.5 < D < 1
(4)

where Ls is the leakage inductance of the motor.
It is interesting to note that (4) implies that the inductor current

ripple,ΔiL(t), will change as Vdc is varied. As the ripple current
impacts the dc/dc stage efficiency, it should be understood in
order to perform optimization of the wireless charging system.
For example, since the system has the least ripple (and highest
efficiency) atD = 0, D = 0.5, andD = 1, the wireless charging
system should be designed such that the dc/dc stage operates in
those regions, for the majority of the charging period.

1) Standby Mode: Unlike most dc–dc converters, a useful
operating mode in this case is when

Sa,1 = Sb,1 = Sc,1 = 0

Sa,2 = Sb,2 = Sc,2 = 0. (5)

According to (1), this sets the voltage Vdc = 0 and thus sets
the receiver coil voltage (vrx) to zero. This effectively bypasses
the receiver coil and stops the charging of the batteries. As the
series-compensated wireless receiver coil behaves like a current
source, attempting to stop charging by open-circuiting it will
cause an over-voltage condition. Standby mode is useful since
it simultaneously places the receiver coil in a safe state, while
stopping the charging process of the batteries, regardless of the
status of the off-board wireless charging transmitter.

2) Passive Mode: Passive mode can be enabled by not uti-
lizing the traction inverters as a dc/dc stage (i.e., gating is
disabled on the traction inverters) and is shown in Fig. 6. This
mode of operation can be used when the charging controllers
request the maximum possible charging power or when battery
charge control is performed off-board the vehicle (e.g., via the

Fig. 6. Dual inverter integrated charging circuit during passive operating
mode, where the traction inverters and the motor are not involved in the
charging operation. (a) Conduction path during positive half cycle (irx > 0.
(b) Conduction path during negative half cycle (irx < 0).

wireless transmitter). This is an advantageous operating mode,
as it eliminates all the losses associated with the switching of
the traction inverters and the motor. In order to understand the
operation of passive mode, the conduction paths can be traced
when the receiver current is positive (irx > 0) and negative
(irx < 0). These are shown in Fig. 6(a) and (b), respectively.
It can be seen that during each half of the conduction cycle, two
parallel paths exist, namely, Paths “A” and “B” and Paths “C”
and “D.”

These paths are redrawn in a simplified manner in Fig. 7.
Considering the case when irx > 0 [shown in Fig. 7(a)], it can be
seen that the two parallel paths include a diode. The series diodes
determine, which path the current will flow, and consequently,
determine the back-emf voltage of the receiver coil, vrx. Since
there are two diodes in parallel, the path which requires the
lowest voltage will be established and the receiver back-emf
voltage will be clamped to that voltage, meaning the other path
cannot exist simultaneously. The condition to forward bias each
diode can be written as

Path “A”, D1 ON : VC1 < Vb2 − VC2 (6)
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Fig. 7. Simplified circuit during passive operating mode. (a) Conduction path
during positive half cycle (irx > 0). (b) Conduction path during negative half
cycle (irx < 0).

Path “B”, D3 ON : VC1 > Vb2 − VC2. (7)

Consequently, that can be used to determine the applied back-
emf applied to the receiver coil when each path is active

vrx =

{
VC1 Path “A”

Vb2 − VC2 Path “B”.
(8)

In (8) when the current is positive (irx > 0), the back-emf
voltage will be clamped by either the diodes in Path “A” or Path
“B.” A generalized equation considering the clamping effect of
the diodes can be written as

vrx = Min(VC1, Vb2 − VC2) for irx > 0. (9)

In this case, a minimum function is used to capture the clamp-
ing behavior of the diode path, which requires the least voltage
to conduct. Similarly, when the current is negative (irx < 0), the
back-emf can be derived as

vrx =

{
VC1 − Vb1 Path “C”

−VC2 Path “D”
(10)

vrx = − Min(VC2, Vb1 − VC1) for irx < 0. (11)

The series compensation capacitor of the wireless receiver
and the deployment of small balancing resistors (high ohmic
value) across C1 and C2, ensure equal dc voltage across each
capacitor under all conditions

VC1 = VC2 = Vdc/2. (12)

Using (12), (9) and (11) can be rewritten as

vrx = Min(Vdc/2, Vb2 − Vdc/2) for irx > 0 (13)

vrx = − Min(Vdc/2, Vb1 − Vdc/2) for irx < 0. (14)

During passive mode, the output voltageVdc is defined by (13)
and (14). Specifically, during each cycle of the current, Vdc can

be found when

Vdc/2 = Vb2 − Vdc/2 for irx > 0 (15)

Vdc/2 = Vb1 − Vdc/2 for irx < 0. (16)

Simplifying this yields

Vdc =

{
Vb2 if irx > 0

Vb1 if irx < 0.
(17)

Assuming the smoothing capacitorsC1, C2 are large such that
the ripple on Vdc is small at the frequency of the receiver current,
this means that the steady state voltage will be

Vdc = Min(Vb1, Vb2). (18)

Finally, the back-emf on the receiver coil can be determined by
substituting (18) into (13) and (14)

vrx ={
Min(Min(Vb1, Vb2)/2, Vb2 − Min(Vb1, Vb2)/2) if irx > 0

−Min(Min(Vb1, Vb2)/2, Vb1 − Min(Vb1, Vb2)/2) if irx < 0.

(19)

While (19) is generalized solution, it can be helpful to look at
the case where the batteries are equal in voltage (Vb1 = Vb2 =
Vb). This significantly simplifies (19) to be simply

vrx =

{
Vb/2 if irx > 0

−Vb/2 if irx < 0.
(20)

Another exemplary situation can be when one battery is higher
than another, or Vb1 > Vb2. In this case, (19) can be simplified
as

vrx =

{
Vb2/2 if irx > 0

−Vb2/2 if irx < 0.
(21)

A similar equation can be derived in the final case, where
Vb1 < Vb2

vrx =

{
Vb1/2 if irx > 0

−Vb1/2 if irx < 0.
(22)

The conclusion that can be derived from the above analysis
are as follows.

1) The dc-link voltage (Vdc) is always equal to the voltage of
the battery with the lowest voltage.

2) As a consequence, peak-to-peak back-emf voltage (vrx) is
always equal to the voltage of the battery with the lowest
voltage and is symmetrical (no dc component).

Finally, it can also be shown that paths associated with cases
(21) and (22) can be associated with paths, which serve to charge
the battery with the lowest voltage. This provides inherent ability
to balance the voltage/state-of-charge of the batteries.

The power output from the receiver coil can be written as

Prx =
1

2
irxvrx (23)

where vrx is defined by (19). Since the receiver coil is assumed
to behave as a fixed current source, and vrx is inherently set by
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Fig. 8. Conduction paths for active mode A, where 0.5 < D < 1 and Vb1 =
Vb2.

the battery voltages, the charging power cannot be controlled in
this mode of operation.

3) Active Mode A: In order to control the charging rate of
the batteries (either the overall charging power delivered, or the
ratio of power delivered to each battery), the traction inverters
can be activated and used as a dc/dc converter to regulate the
voltage Vdc. The traction inverter and motor can be simplified
down to a dc voltage source that sets the voltage Vdc as defined
in (1). This means that the dc link voltage is not longer limited to
always being equal to the voltage of the battery with the lowest
voltage. This means that the conduction paths that are active at
any given time can be intentionally controlled.

Active mode A is defined when 0.5 < D < 1. The simplified
circuit is shown in Fig. 8. During this mode of operation, the
conduction path for the positive and negative half cycle can be
traced by paths “F” and “G,” respectively. Considering the case
where Vb1 = Vb2 for simplicity, the back-emf voltage on the
receiver can be determined to be

vrx =

{
Vb2 − Vdc/2 if irx > 0

Vdc/2− Vb1 if irx < 0.
(24)

It is possible to change the back-emf on the receiver by changing
Vdc, or in other words, by controlling the duty cycle D. Notice
that under this mode of operation, the conduction path of the
dc–dc stage (conduction loop “E”) serves to charge the capacitor
voltages with a dc current.

Thus, the back-emf can be written as a function of the duty as

vrx =

{
Vb2 − D(Vb1+Vb2)

2 if irx > 0
D(Vb1+Vb2)

2 − Vb1 if irx < 0
(25)

where

0.5 < D < 1. (26)

In this mode of operation, the batteries are charged directly with
high frequency receiver current, as visible by the conduction
loops “F” and “G” in Fig. 8. Naturally, the dc-link capacitors
of each inverter significantly filter any ripple current into the
batteries.

Fig. 9. Conduction paths for active mode B, where 0 < D < 0.5 and Vb1 =
Vb2.

4) Active Mode B: This operating mode is similar to the
previous active mode, however it is defined for 0 < D < 0.5.
The main distinction from active mode A, is that the conduction
paths are different. For the case where Vb1 = Vb2, the simplified
model is derived as before and shown in Fig. 9. In this case,
the high frequency coil current directly charges the capacitors
C1, C2. This can be seen from the conduction paths “J” and “I.”

The back-emf is simply derived to be

vrx =

{
Vdc/2 if irx > 0

−Vdc/2 if irx < 0.
(27)

Similar to before, as the receiver voltage is a function of the
capacitor voltages, meaning the back-emf can be controlled by
the duty cycle of the dc–dc stage. Rewriting (27) as a function
of the duty cycle

vrx =

{D(Vb1+Vb2)
2 if irx > 0

−D(Vb1+Vb2)
2 if irx < 0

(28)

where

0 < D < 0.5. (29)

Remarkably, the back-emf is symmetrical during both cycles of
the wireless ac current. This is advantageous as it means that any
mismatch in battery voltages will not introduce a dc offset in the
back-emf seen by the wireless receiver coil. Such a dc offset
would place additional voltage stress across the compensation
capacitor of the wireless receiver coil and is undesirable.

The charging power can again be controlled by adjusting
the duty cycle of the dc–dc stage. In this work, this mode of
operation will be used to control the charging rate of the batteries.
This mode of operation limits Vdc to be at most equal to the
average voltage of the two batteries Vb1, Vb2. This in turn, means
the voltage applied to the capacitors VC1, VC2 will be smaller
then active mode A, thereby reducing the size of the capacitors
required.

In active mode B, the equation for output power from the
receiver coil is still the same as shown in (23). However, the key
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Fig. 10. Flowchart describing how to practically select between operating
modes during charging.

difference is that now the receiver voltage (vrx can be controlled).
Using the Fourier transform, the fundamental component of the
back-emf voltage can be determined to be

vrx|fund =
4

π

D(Vb1 + Vb2)

2
. (30)

Substituting the equation for the receiver back-emf in active
mode B into (23), the formula for power output can be shown
as a function of the duty cycle of the traction inverter

Prx =
2

π
irx

D(Vb1 + Vb2)

2
. (31)

Assuming irx, vrx are peak values, and unity power factor is
guaranteed via the rectification action of the diodes.

Since the receiver current is set by the transmitter side (and
held fixed), this equation shows that the power output of the
receiver coil is linearly related to the duty cycle of the traction
inverters (D). A duty cycle of 0.5 implies maximum power into
the batteries, while also according to (4), has the least ripple
current on the inductors. This is important to know, as the wire-
less transfer system can be optimized such that the dc/dc stage
can operate at or near a duty cycle D = 0.5 during the majority
of the charging period. This reduces losses in the machine, as
well as the switches. In fact, operating at D = 0.5 results in the
same charging power as the passive mode of operation, meaning
switching can be disabled on the dc–dc stage, further reducing
losses.

A flowchart regarding the operating mode logic is shown in
Fig. 10. Initially, when a charging process is started, the system
should begin in standby mode, which as previously described,
will short-circuit the receiver coil. During this time, the receiver
coil can be energized to its rated, fixed current value via the
transmitter. Once the coil is energized, the control scheme is
enabled to regulate the battery charging in either constant current
(CC) or constant voltage (CV). At this point, if charging is
finished or terminated by the user, the system can transition
back to standby mode. If charging is not finished, then a choice
is made to operate in either active mode or passive mode. In

Fig. 11. Control scheme of the integrated charger.

this case, if the battery voltage and battery current is both under
the required limit, passive mode is activated. Otherwise, if the
battery current/voltage is greater than or equal to the limits
allowed, active mode B is engaged to maintain the charging
current and voltage at the limit.

III. CONTROL SCHEME

Charging control is performed on-board the vehicle. As the
vehicle drivetrain has been repurposed to serve as the power
electronics of the wireless receiver, its associated digital signal
processor and sensors are used to perform this control. This will
make the control more robust compared to traditional control
schemes, as it does not require transmitting sensitive controller
feedback signals wirelessly to the transmitter. This also helps
make the charging process more ubiquitous, as it reduces pro-
prietary communications protocols.

The transmitter power electronics off-board the vehicle are
not required to regulate the charging power of the batteries,
and can operate at a fixed dc-bus voltage and duty cycle. They
only require sensors for protective purposes (e.g., transmitter
coil over-current, etc.). The charging of the batteries is fully
controlled by the proposed integrated charger, and uses the
control scheme shown in Fig. 11.

The controller uses three control loops, in this case imple-
mented using proportional–integral (PI) compensators, in order
to achieve CC, CV, and energy balancing between the batteries.
GPI_CC is the PI controller, which sets the charging current into
the batteries. As there are two batteries in the system, this PI
controllers controls the average current into the batteries, Ib_avg,
where

Ib_avg =
Ib1 + Ib2

2
. (32)

The reference charging current, I∗b_avg, is set by the CV com-
pensator, GPI_CV. During CC operation, I∗b_avg is saturated to the
value allowable by the battery management system (BMS), or
the maximum charging power allowed from the transmitter (TX)

I∗b_avg,Max = Min(Ib_avg(BMS), Ib_avg(TX)). (33)

Limiting the charging current is required in order to prevent
damage to the batteries and to not exceed the power rating of
the wireless power transmission system.

The system enters CV operation mode when I∗b_avg <
I∗b_avg,Max. Here, the CV compensator sets the average battery
voltage based on the reference voltage, V ∗

b_avg, set by the BMS.
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Fig. 12. Complete vehicle charging process flow, considering the in-ground transmitter and the on-board integrated charger.

The average battery voltage is defined as

Vb_avg =
Vb1 + Vb2

2
. (34)

Finally, the last controller, GPI_d, is used to balance the energy
of the batteries individually. This is required as the CC/CV con-
trollers only control the average values of the current and voltage
into the batteries. Therefore, GPI_d is a very slow controller,
which ensures that

Vb1 = Vb2 = Vb_avg. (35)

In a system employing two identical batteries, this controller
is only required to compensate for small parasitic differences,
such as manufacturing tolerances, which may otherwise cause
deviations from (35). GPI_d works by modifying the charging
distribution of the batteries by adding a small duty cycle δ(t)
to the modulation of the battery with a lower voltage and
subtracting the same δ(t) from the modulation of the battery
with a higher voltage battery.

An overall flowchart of the states of the wireless transmitter
as well as the integrated charger is shown in Fig. 12. Notice that
only the following four states are required from the transmitter
side.

1) Detect vehicle.
2) Power up.
3) Detect when the charging is completed and finally.
4) Power down.
Importantly, these states also do not require any communica-

tion with the receiver side (on-board) component of the wireless
system. The integrated charger has the following more states.

1) Drive mode, which is used to propel the vehicle on the
road.

2) Parked, which is when the vehicle is stationary and idle.
3) Standby mode, where the receiver coil is shorted.
4) Control mode (CC), where the integrated charger main-

tains the battery current constant.
5) Control mode (CV), where the integrated charger keeps

the battery voltage constant.
The integrated charger enables its CC/CV controller after it

detects that its receiver coil has coupled to a powered transmitter
(as shown in Fig. 10) and regulates the charging of the batteries
using the control scheme described in Fig. 11. The very simple
operational requirements imposed on the transmitter can allow
for a ubiquitous deployment of wireless charging stations.

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

IV. SIMULATION RESULTS

The proposed system is simulated in order to show the prin-
ciple of operation. The full-switched model of the system was
simulated in PLECS with the parameters given in Table II. These
parameters are extracted from the developed full-scale experi-
mental system. The mutual inductance of the coils shown are for
the well-aligned case (Δx = 0,Δy = 0), and for the worst case
misalignment (according to SAE J2954) ofΔx = 75 mm,Δy =
100 mm. In this system, the vertical distance between the coils
is fixed at z = 200 mm. This height was chosen since a dual
inverter drive would most likely be employed in a larger vehicle
or van.

The simulation of the system demonstrating a complete charg-
ing cycle is shown in Fig. 13, which is difficult to clearly show
experimentally. Therefore, the experimental setup will be used
to show fine details of the operation, as well as system dynamics
and efficiency. The simple operation of the wireless system can
be observed where the wireless system is simply energized at
t = 0.05 s and turned OFF at t = 24.5 s. The transmitter current is
relatively low, therefore incurring low ohmic losses. As expected
from (28), the integrated dual inverter charger applies a low
back-emf voltage (under 200V ) onto the receiver (considering
it is charging an effective battery voltage of 700 V), requiring
low flux levels and thus low currents in the transmitter.

The operating modes of the integrated charger can be iden-
tified in Fig. 13. The charger starts in standby mode, with the
wireless receiver coil shorted (i.e., standby mode). At t = 0.5 s,
the controller, of Fig. 11, is enabled, and transitions the system
into CC mode. At this point, the dc–dc stage operates in passive
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Fig. 13. Simulation of complete charging cycle, where V ∗
b_avg = 360 V and

the coils are well-aligned.

mode, since the CC limit (Ib_avg,Max) has not been reached. This
mode of operation incurs no losses in the dc–dc stage, since
there is no switching and no current in the traction inverters. At
t = 11.9 s, since the battery voltages have increased, the dc–dc
can no longer operate in passive mode and must start switching
to regulate the charging power to be less than the CC limit
(chosen such that the charging power is 6.6 kW). The effect
of the dc–dc converter switching can be seen in the machine
phase currents, that begin to increase with a current ripple as
defined by (4). At t = 20.9 s, the battery reaches the CV voltage
reference, V ∗

b_avg = 360 V, and the dc–dc stage transitions to CV
mode of operation. In this mode, the dc–dc stage is regulating the
voltage on batteries as opposed to the charging current, hence
the charging current starts to decrease. The ripple in motor
phases also becomes larger as the dc–dc converter duty cycle
traverses from near D = 0.5 to D = 0. Note that interleaving
of the dc–dc stage still ensures small ripple on the battery
currents Ib1 and Ib2. At t = 23.5 s, the CV controller has finally
reached the desired voltage on the batteries and the charging is
completed, therefore the dc–dc stage enters standby mode once
again. Finally, once the dc–dc detects the phase current are low
(signaling the wireless system has turned off), the dc-dc stage
turns off at t = 25 s and is ready to enter drive mode.

V. EXPERIMENTAL RESULTS

Experimental tests were conducted using a full-scale dual-
inverter drive and 110 kW TM4 open-winding EV machine

connected to a 6.6 kW wireless power transfer system (de-
tailed in Fig. 4). The dual-inverter has two FS820R08A6P2
(820 A/750 V) traction inverter modules and the antiparallel
diodes of two Wolfspeed CAS300M12BM2 (300 A/1200 V) as
the additional diodes (S1–S4). The experimental setup parame-
ters are similar to those in Table II, unless otherwise specified.
An image of overall experimental setup is shown in Fig 14. Note
that the wireless transmitter is operated at a fixed dc-link voltage
(Vin = 640 V) for all of the following results.

The first test was conducted to demonstrate the operation
of the charger under passive mode. This result is shown in
Fig. 15. It can be seen that the wireless coils are behaving well,
specifically the transmitter current (itx) is relatively low with a
power factor that enables soft-switching. As shown in Fig. 6, the
motor and traction inverter are disabled during passive mode,
hence the machine current (isa) is zero as anticipated. In this
test, the voltage of the battery 2, Vb2, was set to be slightly
higher than the voltage of battery 1, Vb1, to demonstrate the
inherent charge balancing described in the previous sections.
As expected, the current of battery 1 is higher than the current
of battery 2 (|Ib1| > |Ib2|). This shows that the the battery with
the lowest voltage will charge with a higher current, due to the
diode conduction path, as described in Section II-B. Finally, the
battery currents are well filtered, due to the dc-link capacitors of
the traction inverters, which are very low impedance at 85 Khz.
Notice that the output voltage Vdc = Vb1 = 350 V, which is con-
sistent with the derivation in (18), which indicated that the output
voltage will be equal to the battery with the lowest voltage.

Active mode operation is shown in Fig. 16, with D = 0.397.
Here, the receiver is also misaligned from the transmitter, ac-
cording to values given in Table II derived from the worse
case misalignment allowable from the SAE J2954 standard. As
expected from (1), Vdc is lower than in passive mode, which
results in the back-emf voltage (vrx) on the receiver to be reduced.
The net result is that the charging power into the batteries is
reduced, even though the receiver current has increased due to
the misalignment. As the dc–dc stage is active and controlling
Vdc, the motor current (isa) is nonzero. Due to the modulation
strategy used for the dc–dc stage, it can be seen that the machine
phase current ripple is at twice the switching frequency of
the traction inverter, without any 85 kHz wireless frequency
currents. There is still negligible ripple entering the batteries.
Note that no shaft movement was observed in the machine,
implying that no torque is generated in the machine.

The experimental measurement of the battery charging power
versus duty cycle is shown in Fig. 17, demonstrating how the
traction inverter can directly control the charging rate of the
batteries. It can be seen that an increase in duty cycle D linearly
increases the charging power, as derived in (31).

The performance of the battery current controller (Gpi_CC)
was tested and shown in Fig. 18. This test was done by changing
the average battery reference current, I∗b_avg, from 5 to 8A,
demonstrating the dynamic response, as well as the steady state
tracking of the controller. It can be seen that the controller
increasesVdc (by increasing the duty cycle D) in order to increase
the charging current into the batteries. The change in the machine
phase current can also be observed. The effect of the change in
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Fig. 14. Experimental setup showing the complete system.

Fig. 15. System performance operating in passive mode. The inherent charge
balancing is also shown, by setting Vb1 = 350 V while Vb2 = 351 V. Note the
different timescales on the scope captures.

Vdc can be also visualized in the receiver back-emf (vrx), which
is increased according to (30). Due to the chosen compensation
strategy, an increase in vrx results in an increase in the transmitter
current (itx), which can also been seen in Fig. 18.

As mentioned previously, the battery current controller only
controls the average battery current. Therefore the balancing
variable, δ(t), was introduced to provide individual control over

Fig. 16. System performance at maximum misalignment, in active mode with
D = 0.397. Note the different timescales on the scope captures.

the battery charging currents. The test shown in Fig. 19 was con-
ducted while the CC controller is regulating the average battery
current to be 8 A. δ(t)was changed from 0 to 0.1 instantaneously,
which immediately changed the charging distribution of the
batteries to be Ib1 = 6 A, Ib2 = 10 A. Notice that even though
a step change was done on δ(t), it had no effect on the average
battery controller (Gpi_CC) (or the wireless transmission sys-
tem), and that the average battery current is still well regulated
to 8 A.
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Fig. 17. Experimental measurement of battery charging power versus duty
cycle of the traction inverters.

Fig. 18. Battery current step from 5 to 8 A. Note the battery currents are offset
to show both clearly, however they are equal in magnitude.

Finally, the overall system efficiency was measured using a
Hioki PW6001 power analyzer in order to demonstrate real-
world applicability. The overall system efficiency (from the dc
input of the transmitter to the batteries) is shown in Fig. 20, along
with the loss breakdown in the system. As expected, the highest
efficiency is achieved when the receiver-transmitter coils are
aligned, and the dc–dc stage is operating in passive mode. The
benefit of having low currents in the transmitter can be clearly
seen here, as it exhibits very low losses. In this case, the losses in
the integrated charger are simply due to the diodes (S1–S4) and
any parasitic ohmic losses. When the dc–dc stage is operated in
active mode, the losses are increased in the integrated charger,
as the large 820 A IGBT modules begin switching at 10Khz,
and the motor begins conducting current. However, this mode
allows for the control of the charging current in the batteries.
Finally, the worse case operating mode is when the receiver
and transmitter coils are misaligned to the worse case values
described in the SAE J2954 standard. In this case, the losses in
the dc–dc stage increase, as the conducted current and ripple in

Fig. 19. A step change in δ(t) from 0 to 0.1, showing the ability of the converter
to set individual battery currents, at any speed, with no controller interaction with
the CC/CV average controllers.

Fig. 20. Overall system efficiency, as well as loss breakdown of three main
operating modes. Misaligned case assumes maximum misalignment.

the machine will increase. The current in the receiver coil also
increases, since the reduced mutual coupling causes an increased
current in the receiver coil. The overall system efficiency is still
well above then the minimum 80% requirement of the J2954
standard. This loss breakdown is useful as it provides insight into
how efficiency can be better optimized in the system, if desired.
In this particular case, the dominant loss (during worse-case
misalignment) is due to the traction inverters. This is expected
since the 300 kW IGBT based traction inverters are being used to
perform charging at 6.6 kW. The efficiency can be improved by
increasing the charging power and/or using SiC-based devices
which would significantly reduce the switching losses and there-
fore the efficiency. A comparison of efficiency to other published
works is given in Table III. Compared with other integrated
solutions, the efficiency of this work is higher. The work in [34]
achieves higher efficiency during misalignment, however it is
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TABLE III
COMPARISON OF EFFICIENCY WITH OTHER PROPOSED INTEGRATED

SOLUTIONS

a nonintegrated solution leveraging a discrete Gallium Nitride
LLC converter to perform the charging control on-board the
vehicle (which is a significant size/cost addition to the vehi-
cle). Overall, these results have shown that good efficiency
can still be obtained by using an integrated charging solution,
which is not necessarily designed or optimized for wireless
charging.

VI. CONCLUSION

This work proposed the integration of the wireless charging
power electronics with the drivetrain components. Specifically, a
dual-inverter drive can be used with minimal additional compo-
nents to both rectify the wireless charging currents, and control
the charging of the battery. These additional components can
also serve as part of an integrated single-phase ac charging
system. This integrated charger enables simultaneous charging
of both isolated batteries in a dual-inverter drive, without re-
quiring transmitter side control/communication. Furthermore,
the high power rating of the drivetrain enables even higher
power charging for no added cost. Simulation and experimental
results demonstrated that full CC/CV charge control can be
accomplished at 6.6 kW, using a real EV drivetrain and motor. A
peak total charging efficiency of 94.3% over an airgap of 200 mm
verifies real world applicability.
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