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Abstract—Integrated chargers, where the traction inverter is
used as the primary charging interface, have emerged as a
solution for reducing the cost and footprint of electric vehicle
charging. This paper proposes a bidirectional non-isolated
integrated charger topology that also provides benefits to motor
lifetime and reliability through a reduction in bearing currents
and voltages. This is achieved by adding to an electric vehicle
drive: an LC filter per phase with a common mode voltage
control; a common mode inductor for additional leakage current
filtering; contactors to switch between traction and charging
modes; and a residual current device to satisfy standards for
transformerless charging. To obtain high efficiency and make
the filter small for traction applications, variable frequency
critical soft switching is leveraged. Traction mode experimental
validation demonstrates torque and speed steps with no degra-
dation compared to a standard drive, a decrease in leakage
currents and shaft voltages of more than 90% and an increase
in motor drive efficiency of 0.6% at 5kW output power. Charging
mode validation shows active and reactive power steps and peak
efficiency of 99.4% and 98.4% at rated power of 11kW. Charging
mode leakage current is measured to be 22mA, which satisfies
standards permitting transformerless operation.

Index Terms—Battery chargers, motor drives

I. INTRODUCTION

Electric vehicles (EVs) are a promising avenue to reducing

the substantial worldwide carbon footprint of transporta-

tion [1]. Key obstacles facing the widespread adoption of

EVs are the costs of the vehicles themselves and the cost

and availability of charging infrastructure. While overall

costs are trending downwards as the underlying technolo-

gies advance [2] and researchers find ways to supplant

hardware with software [3, 4, 5] for drives, the cost of

chargers remains high. This has been recognized by the

United States Department of Energy as a part of the

"EV Everywhere Challenge," where technical targets have

been outlined for the entire EV system, including on-board

chargers. The on-board charger targets are listed in Table I,

where a significant improvement in cost and power density

are envisioned for accelerating EV proliferation [2].
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TABLE I: United States Department of Energy on-board

charger technical targets for 500,000 units [2].

On-Board Charger Targets 2020 2025

Cost ($/kW) 50 35
Specific power (kW/kg) 3 4
Power density (kW/L) 3.5 4.6
Efficiency 97% 98%

Significant research effort has been expended in design-

ing chargers for electric vehicles [6], both low and high

power, which can be unidirectional for EV charging only or

bidirectional to provide grid services [7]. On-board discrete

chargers are typically lower power to minimize the size

and weight of added components [6], which limits charging

rates. Off-board standalone charging units are typically

higher power and capable of fast charging the vehicle

[8]. A third class of chargers is referred to as integrated,

where they are built into the drivetrain of the vehicle.

Integrated chargers provide the opportunity to bring high

power charging on-board the vehicle with minimal need

of additional power electronics by reusing existing traction

components. This reuse facilitates high power charging as

traction drive power ratings are typically 30-60kW for hybrid

EVs and 100+kW for battery EVs [9].

Because of the unique benefits integrated chargers

present, they have gained the attention of the research and

automotive communities [10, 11, 12], with Renault adopting

the so-called "Chameleon inverter" integrated charger into

production vehicles [13]. Integrated chargers typically fall

into one of two categories [12]: the first uses electric

machines with phase counts greater than three (herein

referred to as multi-phase) due to issues surrounding the

charging torque phenomenon; the second where additional

power electronics are added to the drive, referred to as

add-on interfaces. Regardless of classification, integrated

chargers have two operating modes: traction mode, where

the traction inverter drives the motor, and charging mode,

where the traction inverter is used as the primary battery

charging interface.

Multi-phase integrated chargers propose using the wind-

ings of electric machines with more than three phases to

realize charging. Multi-phase integrated chargers previously

studied in the literature include a five-phase induction

machine (IM) [14], six-phase IM [15], nine-phase IM [16]

and a six-phase permanent magnet synchronous machine

(PMSM) [17, 18]. A special case of the multi-phase setup

is the split-phase machine, which has been shown to be
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effective for PMSMs [19, 20, 21] and IMs [22]. Depending on

the distribution of the windings, split-phase machines can

be isolated as well [19, 10]. Applying a sinusoidal voltage

and current through the windings of the machine requires

additional design and control to prevent charging torque

generation that will cause the motor (and, hence, vehicle)

to move during charging. Because charging is done with

sinusoidal voltages and currents, bidirectional operation is

possible but not often studied. A review of multi-phase inte-

grated chargers and their special considerations is provided

in [11].

Charging torque with integrated chargers using the trac-

tion machine’s windings can be problematic due to the

rotation of the machine, which will cause the shaft to move

and vibrate. There have been numerous suggestions in the

literature for how to defeat this challenge. The majority use

multi-phase machines and some form of control algorithm.

Other proposed solutions have been to shift the rotor to

a non-torque generating position for a six-phase PMSM

[18], to design the windings with a certain displacement

to cancel torque [17], to add a clutch to disconnect the

motor from the transmission during charging [19] or to

reconfigure the system for traction and charging modes

[10, 21, 22], which includes the Chameleon inverter in

production vehicles [13].

Add-on interfaces cover integrated chargers that require

some addition of power electronics to be realized, typically

a rectifier for unidirectional operation or an inverter for

bidirectional, as well as an EMI filter. Regardless of imple-

mentation, add-on interfaces convert the AC voltage from

the grid to a DC quantity before using the three-phase

inverter as DC/DC converter in charging mode. The two

most popular implementations either require access to the

neutral point of the machine [13, 23, 24, 25] or to one

of the phase legs [26, 27, 28]. Another topology uses the

inverter as a three-phase buck/boost converter with the

motor windings acting as the inductor [29]. In the case

of a switched reluctance machine, the inverter topology

makes it possible to unidirectionally charge without added

components [30].

Multi-phase and add-on interface integrated chargers

each have their own respective benefits and drawbacks.

The major benefits of multi-phase topologies are that they

are able to realize bidirectional charging most easily, can

be made isolated by design or application of the machine

and requiring no additional power electronics for the sole

purpose of charging. Drawbacks of multi-phase implemen-

tations are that they require electric machines with phase

counts greater than three, which is not ideal as three-phase

machines have become the norm for electrified transporta-

tion applications [12], that additional power electronics will

still be required regardless due to the need to drive the addi-

tional phases and the need to implement charging torque

cancellation algorithms. Benefits of add-on interfaces are

that three-phase machines are not a problem and neither

is charging torque due to passing DC current through the

windings or bypassing them entirely. The biggest drawback

of an add-on interface is that additional power electronics

and EMI filters for rectification are necessary due to the

AC to DC conversion process. For high power charging, the

rectifier and EMI filter could become large, which is not

advantageous for being on-board the EV.

Another difficulty in bringing high power charging on-

board is the need to have a transformer to keep the leakage

current at safe levels. Per IEC [31, 32] and IET [33] stan-

dards, the leakage current needs to remain below 30mA for

human safety. Generated by the fluctuation of the common

mode voltage that switched inverters generate, the simplest

way to become compliant is to add a transformer, typically

with a high frequency transformer for on-board chargers or

a line frequency transformer for charging stations. However,

high power transformers can be large, costly and inefficient,

making high power on-board charging difficult to achieve.

Transformerless topologies have become popular in pho-

tovoltaic applications [34], though they normally increase

converter complexity through additional transistors and

diodes (i.e. multi-level converters). The same is true for

automotive applications [35]. Recent photovoltaic and auto-

motive research has shown zero sequence/common mode

voltage control to be effective for the elimination of the

leakage current in single- [36, 37] and three-phase [38]

grid interfaces, where an LC filter per phase with the filter

capacitor connected to the DC negative is introduced along

with an additional control stage. Removing the transformer

can lead to a system efficiency increase that is not normally

discussed in the literature, meaning that the additional

losses presented by the LC filter and larger current ripple

through the transistors can be offset. Also, the LC filter is

capable of providing reactive power to replace the extra

power factor correction (PFC) circuit and inductors. Thus,

the cost can be further saved.
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Fig. 1: Proposed integrated charger using contactors to

change between traction and charging modes.

Despite the difficulties integrated charging poses, it re-

mains an attractive option for advancing electric vehicle

adoption. This paper proposes a bidirectional non-isolated

integrated charger topology. To realize this, a few compo-

nents must be added to the traction drive. They are: an

LC filter per phase with a common mode voltage control

[38]; a common mode (CM) inductor for additional leakage

current filtering; contactors to switch between traction

and charging modes; and a residual current device (RCD)

to satisfy standards for transformerless charging. The im-

plementation studied uses contactors to switch between

operation modes to avoid the difficulties associated with



3

charging torque and to keep efficiency in charging mode as

high as possible. An alternate configuration using an open-

winding machine is possible with an appropriate charging

torque cancellation scheme. Focus is placed on three-

phase operation for demonstrating high power charging.

Moreover, single-phase grid-tied operation with a similar

topology has been demonstrated previously [36, 37]. The

proposed integrated charger can also be configured as a

three-phase bidirectional buck/boost converter, making DC

charging possible.

The proposed integrated charger topology provides ad-

ditional benefits for the electric machine itself in terms

of machine life and efficiency due to the LC filter and

zero sequence voltage control. Drives-related research has

found that the bearings of the motor are a leading cause of

failure [39, 40, 41]; moreover, the bearings are responsible

for 9% of EV drive failures according to one study [42].

The causes of bearing failures are bearing voltages and

currents, which are a result of the common mode voltage

of injected by a switched inverter [43]. Drives research

has sought to reduce bearing stresses through precision-

designed passive filters [44, 45, 46], common mode voltage

attenuation [47, 48] and even a type of zero sequence

voltage control [49] (though not the same as is used in this

paper). For best leakage current filtering, a common mode

inductor is typically added irrespective of method because

the zero sequence inductance of a machine is normally

small unless explicitly designed for [50]. With respect to

motor efficiency, the phase currents applied to the electric

machine will be filtered by the added LC filter and have

little PWM ripple; thus, high frequency iron loss will be

reduced, with research suggesting that they can contribute

significantly to total machine losses at typical drive PWM

frequencies [51].

To demonstrate the proposed topology, an 11kW pro-

totype is designed and built. To make the necessary LC

filter small enough for traction applications and to in-

crease converter efficiency, variable frequency critical soft

switching is employed. Performance in traction mode is

experimentally validated with torque and speed steps, as

well as measurements showing that the motor leakage

currents and shaft voltages are reduced by over 90%

with the proposed topology. Three-phase charging mode

is demonstrated with active and reactive power steps and

leakage current measurements that demonstrate standard

compliance for transformerless operation. Peak efficiency

of the integrated charger in charging mode is measured to

be 99.4% and 98.4% at rated power of 11kW. Total system

efficiency in traction mode is shown to be 0.6% more

efficient than standard operation when measured at 5kW

output power.

II. INTEGRATED CHARGER DESIGN

A. Charger Topology Design

The proposed integrated charger, shown in Fig. 1, differs

from previous research through the addition of an LC

filter with the capacitor neutral point connected to the DC

ground at the output of the inverter. Connection to the

electric machine (traction mode) and the grid (charging

mode) are both possible: in Fig. 1, this is done by us-

ing contactors to change between operating modes. Both

single- [37] and three-phase [38] charging can be achieved

in both configurations through control. This work focuses

on three-phase operation to achieve higher power charging.

The means to realize single-phase operation are shown

in [37], which uses the same LC filter configuration and

common mode voltage control to realize a transformerless

photovoltaic inverter.

The proposed topology has several system-level benefits

that make it attractive. In traction mode, the LC filter will

remove the current ripple associated with typical motor

drives and provide a sinusoidal voltage as opposed to a

switched voltage, which will lead to an increase in drive

efficiency [51] and lifetime [39, 40, 41]. In charging mode,

the overall system efficiency is increased by removing the

inefficient transformer [7, 52, 53, 54] due to the attenuation

of the leakage current. In the subsequent sections, it is

shown that the net efficiency benefit of including an LC

filter with zero sequence voltage control is positive for a

prototype system with no consideration of the transformer.

Fig. 2: Critical soft switching operating regions.

B. Critical Soft Switching

Critical soft switching technique is introduced in this

section for the improvement of integrated charger efficiency

[55, 56] and LC filter size reduction. The target of soft

switching is to substitute the high turn-on losses of the

upper switch with low turn-off losses of the lower switch

in the phase legs of Fig. 1. The soft switching technique

permits to increase the switching frequency by a factor

of 5 and reduce the required inductance by a factor of
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20. Thus, the power density can be improved with smaller

size of magnetic components. Also, the switching losses are

reduced with a higher efficiency. The critical soft switching

method could be implemented by following the boundary

conditions of dead time and peak/valley inductor current.

Specifically, the product of dead time and peak/valley

inductor current should be larger than a charging threshold

which could be derived by the MOSFET datasheet of the

switch output capacitance. Fig. 2 shows the boundary

relations of upper/lower switches interlock time, Td , and

peak/valley inductor current, IL,max /IL,mi n , for critical soft

switching operation. The blue areas are the soft switching

regions which indicate enough time and current for fully

discharging the switch output capacitance before turning

on. The critical soft switching boundary conditions are

expressed as [55, 56]

1
2

IL,mi nTd ≤Qmi n ≤ 0, (1a)
1
2

IL,max Td ≥Qmax ≥ 0, (1b)

where Qmi n and Qmax are the minimum discharging

thresholds of the switch output capacitance for the soft

switching. Since in the positive line cycle, a large current

ripple is required to ensure negative valley inductor current

to be lower than a threshold current level. In the turn-

off transient period of lower switch, the negative inductor

current will discharge the upper switch output capacitor.

The zero voltage switching (ZVS) of upper switch can be

achieved if the output capacitor is fully discharged before

it turns on. Similarly, in the negative line cycle, a large

current ripple is also required to guarantee the positive peak

inductor current to be higher than a threshold current level.

Thus, the ZVS of the lower switch can be achieved if the

lower switch output capacitor is fully discharged by the pos-

itive inductor current. Thus, to achieve full soft switching

in the charger operation periods, either the current ripple

should be fairly large to guarantee a bidirectional inductor

current paths or the dead time needs to be expanded. Since

longer dead time will result in current distortion, a desired

option is to adjust the switching frequency for achieving

the critical soft switching in DC/AC inductor current full

sinusoidal waveform range. Thus, the critical soft switching

principle is implemented to maintain a constant positive

threshold current in negative inductor current line cycle

and negative threshold current in positive inductor current

line cycle. The switching frequency can be derived with the

following equation:

fsw =
(1−d)dVDC

2(|IL |+ Ithr eshol d )L f
, (2)

where Ithr eshol d is the boundary threshold current for soft

switching which could be derived in Fig. 2 with a given

dead time and IL is the inductor current.

C. LC Filter Design

The design of the LC filter is critical for several reasons:

1) to ensure grid standard compliance in charging mode;

2) for designing the control to avoid exciting resonances;

and 3) to ensure the peak/valley inductor current ripple

remains soft switching. Thus, it is beneficial to discuss its

key aspects.

Because of the way the LC filter is connected, each phase

looks like a buck converter with a current source load.

To simplify inductor current ripple analysis, it is assumed

that the capacitor voltage is approximately constant, which

yields the expression

∆iL =
d (1−d)VDC

fsw L f
, (3)

where d is the duty cycle. In a buck converter, d = vc

VDC
and

the maximum ripple is reached at d = 0.5. To determine the

inductance, a desired ripple level is specified by considering

the required RMS current and peak/valley inductor current

in (1) for a critical soft switching system and (3) can be

solved for L f . Inductor losses can be minimized through

good design [57, 58, 59]. Since the soft switching is applied

for AC inductor current to generate a large current ripple,

the inductance and size of the inductor can be reduced

accordingly. For the smart charger design, the switching

frequency range and inductance are designed as 20-160kHz

and 45µH, respectively.

With a known inductance, the filter capacitance can be

found by specifying a desired voltage ripple ∆v% (e.g. 1%).

It is calculated as

C f =
(1−d)

8 f 2
sw L f ∆v%

. (4)

A potential challenge of the proposed topology is the

introduction of an inductor and capacitor in the primary

conduction path, which is subject to additional losses.

While the filter capacitor losses can be reduced easily by

paralleling several [60], the inductor remains a challenge. To

reduce these losses in converters, research has been active

in the design of ultra-high current inductors with high

efficiency [57, 58, 59]; however, these techniques can yield

bulky components. Employing variable frequency critical

soft switching (VFCSS) can lead to two major benefits: 1)

a net gain in converter efficiency, as was demonstrated in

[55], where a 1% efficiency gain was realized even when

using lossy commerical off-the-shelf inductors; and 2) a

reduction in the inductance, which can lead to a smaller

inductor [61]. A small inductor is strongly beneficial for on-

board purposes. The extra LC filter is introduced also for the

replacement of PFC function since the reactive power can

be provided through control. The volume of the switch side

three-phase LC filter is designed to be 11 i nch3 per phase.

However, a typical 3.2kW single phase PFC has a volume of

24.6 i nch3 [62]. The added LC filter is smaller and cheaper

than an extra PFC circuit, which further improves the power

density.

D. Power Semiconductor

A high power density integrated charger places limita-

tions on possible switching devices. High switching fre-

quency is necessary to keep inductance low and, conse-

quently, the size of the inductor small. The ability to block
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high voltages and pass high current is conducive towards

maximizing power capabilities. Wide-bandgap devices, such

as Gallium Nitride (GaN) and Silicon Carbide (SiC) are well

suited for applications such as these, and have been shown

to be able to achieve similar efficiencies [63]. However,

the higher blocking voltages associated with SiC devices

are more applicable to the ever increasing battery voltages

present in EVs. As such, the latest generation of discrete SiC

devices with 1200V blocking capability were chosen for the

prototype design.

III. INTEGRATED CHARGER EFFICIENCY ANALYSIS

A. Inverter Efficiency

Losses within the switching devices and losses within

magnetics are the two main sources of inefficiencies in a

power converter.

1) Semiconductor Efficiency: Losses within switching de-

vices can be approximated by calculating conduction losses

and switching losses. Conduction losses for one phase can

be found by

Pcond = Ron

(

I 2
DC +

(

1

2
p

3
IL,p−p

)2)

(5)

where 1

2
p

3
IL,p−p is the RMS value of the peak-to-peak

inductor ripple current. Switching loss calculations can be

separated into two equations, one for when the converter

is hard-switching and another for when the converter is

soft-switching:

Esw_har d = Eo f f (IDC − IL,p−p

2
,Vd s )+Eon(IDC + IL,p−p

2
,Vd s ) (6)

Esw_so f t = Eo f f (IDC − IL,p−p

2
,Vd s )+Eo f f (IDC + IL,p−p

2
,Vd s ) (7)

where Esw_har d and Esw_so f t represent the FET switching

loss per phase in joules per cycle as functions of Id for

constant Vd s . Multiplying these values by fsw gives the loss

in W which can be used in efficiency calculations. The turn

on and turn off energies (Eon and Eo f f as functions of Id

for Vd s ) are values available in the datasheet of the FET.

Extrapolation for switching energies of values for Vd s that

are not listed in the FET datasheet is done through linear

interpolation of the provided values.

he entirety of the ripple current can be assumed to be

absorbed in both the DC bus capacitance and the filter

capacitance. This creates energy loss in the capacitances

according to:

Pcap =
(

1

2
p

3
IL,p−p

)2
(

ESR f i l ter +ESRDC bus

)

(8)

where the loss in each capacitance is the product of the

capacitance ESR and the square of the RMS value of the

inductor ripple current.

The output of this power converter is a sine wave and

the values for d , IDC , and IL,p−p are dynamic. To account

for this, loss at discrete and evenly spaced points along one

cycle of the sine wave is calculated by sweeping θ from 0

to 2π in

Vout (θ) = VDC

2
+
p

2Vout ,RMS sin(θ) (9)

IDC (θ) =
p

2Iout ,RMS sin(θ−φ) (10)

IL_r i ppl e_p−p (θ) = d(1−d)VDC

L f · fsw
(11)

d(θ) = Vout (θ)
VDC

. (12)

to provide d , IDC , and IL,p−p which are used in conjunction

with (5) and (6) to calculate the loss at these discrete points.

The loss at each discrete point is then averaged together to

obtain the average loss over one cycle of the sine wave.

2) Inductor Efficiency: The losses in the LC magnetics

of the inverter are the other main source of inefficiency.

Especially for the switching side inductor, most of the

current ripples are handled by this part of the magnetics.

A precise estimation of LC inductor losses as a function

of switching frequency could contribute to understanding

the optimal operating frequency. The inductor losses are

mainly composed of core losses and copper losses. For

the core selection, E42/21/20-3F3 from Ferroxcube is used

for a compact design of the inductor. Due to the high

permeability of the chosen material, air-gap is introduced

for adjusting the inductance to the desired value of 45µH .

The core losses of the air-gapped inductor are derived from

Pcor e = k f a
sw B b

pk = k f a
sw

(

4πN Ipk 10−2

lg + (lm/µr )

)b

(13)

where k, a,b are the coefficients for the core material, Bpk

is the peak flux density, fsw is the switching frequency,

N , Ipk , lg , lm ,µr are the turn number, peak current, air-

gap, and length of the magnetic path and permeability,

respectively.

For the copper losses, AC and DC losses are the two main

sources. To further improve the efficiency of inductor in

high frequency application, litz wire of equivalent AWG10 is

applied for the winding. Thus, the AC losses caused by the

skin and proximity effects could be significantly reduced.

The copper losses with litz wire are expressed as

PCu = I 2
f und ,RMS R f und + I 2

PW M ,RMS RPW M (14)

where I f und ,RMS , IPW M ,RMS are the RMS current of mo-

tor fundamental and PWM carrier frequency components.

This allows for the inductor losses to be calculated un-

der the same operating point as the previously derived

semiconductor losses. Litz wire is used for the windings of

the inductors of this converter and the high frequency AC

losses caused by RPW M can be reduced. For the reason to

apply a custom designed inductor instead of commercial

off-the-shelf one, the temperature rise is taken into the

most consideration. Most of the commercial high current

inductors leverage the solid magnetic winding which can

generate significant copper losses at high frequency due to a

high AC resistance factor and the temperature rise can reach

above 100°C. Also, for the application of soft switching,

a large current ripple can produce high core losses as is
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shown in 13 which needs careful attention to design the

airgap.

Projected inverter efficiency calculations using this

method at 8kW, 835V DC bus, 400VLL , and utilizing VFCSS

is 98.9% which matches with the experimental inverter

efficiency results seen in Fig. 18.

B. Motor Efficiency

Motor losses consist of three main components: winding

losses PP MSM ,wi ndi ng , core losses PP MSM ,cor e , and mechan-

ical losses PP MSM ,mech . Rigorously quantifying motor loss

is a complex exercise that typically requires finite-element

analysis for most accurate results [64]. However, it is pos-

sible to measure motor loss components experimentally

and disaggregate motor loss components. Specifically, it is

possible to measure total motor losses PP MSM ,tot al ; mea-

sure the AC winding resistance at fundamental and PWM

frequency and quantify the winding losses PP MSM ,wi ndi ng ;

and measure the baseline machine losses PP MSM ,basel i ne ,

i.e. the losses of a rotating PMSM with inverter off that

consist of the mechanical (bearing and windage) losses and

the core losses due to the PM field (without phase currents,

i.e. additional core losses due to the armature reaction

created by the phase currents).

From the above loss components, it is possible to calcu-

late the remaining core losses due to the armature reaction

PP MSM ,cor e A = PP MSM ,tot al (15)

−PP MSM ,wi ndi ng −PP MSM ,basel i ne

where Ptot al is measured total system loss. The inverter

loses are measured experimentally and split into FET,

inductor, and capacitance losses in conjunction with the

methods shown in the previous section. The PMSM baseline

loss is measured and consists of the mechanical loss and the

core loss due to PM flux when the inverter is disconnected.

PMSM winding loss calculated in conjunction with the

measured frequency dependant winding resistance. The

PMSM core loss is then calculated as the difference between

the total measured loss and all other loss mechanisms

present in the converter.

C. Net Impact

Fig. 3 shows the loss breakdown for a Marathon Motors

213TPFSA10096 running at 1200RPM and 700V DC bus with

inverter configurations of fsw = 20kHz without an LC filter,

fsw = 80kHz without an LC filter, fsw = 80kHz with an LC

filter, and variable frequency critical soft switching with a

range of 20kH z < fsw < 160kH z with an LC filter. 20kHz

switching frequency was chosen for the configuration with-

out the LC filter as this is a common value for typical

motor inverters. 80kHz switching frequency was chosen for

operation with the LC filter as this value yields a suitable

inductor ripple current without incurring extra switching

losses by unnecessarily driving up switching frequency.

It can be in Fig. 3 seen that the proposed integrated

charger topology reduces the total losses when compared to
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Fig. 3: PMSM drive system power loss components for each

converter configuration at 5kW input power.

a typical motor inverters without an LC filter. The additional

losses incurred by the LC filter are negated through a larger

decrease in PMSM core loss. Furthermore, the variable

frequency critical soft switching allows for an increase in

switching frequency without increasing the PMSM core loss

which can be used to minimize the size of this additional

LC filter.

IV. SYSTEM MODELLING AND CONTROL

A. System Modelling

To simplify development of the model, the LC filter sub-

system is first studied. The differential equations governing

the LC filter are

i̇L,abc =
1

L f
vx,abc −

1

L f
vc,abc (16a)

v̇c,abc =
1

C f
iL,abc −

1

C f
io,abc (16b)

where vx,abc and vc,abc are the inverter and capacitor three-

phase voltages and iL,abc and io,abc are the three-phase

inductor and output currents.

It can be difficult to track sinusoidal values with typical

control schemes like proportional-integral (PI) controllers.

Hence, it is beneficial to apply the Clarke and Park trans-

forms to convert the system to equivalent DC quantities.

The transforms are applied as xd q0 = P (θ)Txabc , where

the variable x represents either voltage or current. The

magnitude invariant Clarke transform is

T =
2

3









1 − 1
2

− 1
2

0
p

3
2

−
p

3
2

1
2

1
2

1
2









. (17)

and the Park transform is

P (θ) =







cosθ sinθ 0

−sinθ cosθ 0

0 0 1






. (18)
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Fig. 4: Circuit diagrams of the proposed integrated charger. (a) Charging mode. (b) Equivalent common mode of charging

mode. (c) Traction mode. (d) Equivalent common mode of traction mode.

Applying the Clarke and Park transforms to (16) yields

the d q0 equations of the LC filter

i̇L,d q0 =
1

L f
vx,d q0 −

1

L f
vc,d q0 −ωJLC iL,d q0 (19a)

v̇c,d q0 =
1

C f
iL,d q0 −

1

C f
io,d q0 −ωJLC vc,d q0 (19b)

where ω represents the angular velocity of the sinusoidal

AC signal and JLC is the cross-coupling matrix of the LC

filter, which is written as

JLC =







0 −1 0

1 0 0

0 0 0






.

With the LC filter subsystem developed, the output, i.e.

the three-phase grid or traction motor, can be added to

complete the integrated charger model. In both traction and

charging modes, it can be assumed that the neutral point is

isolated, meaning that the zero sequence component can be

ignored. In charging mode, the three-phase grid is modelled

as voltage sources at the point of common connection

at the capacitors. In traction mode, the motor terminal

voltages, normally referred to as vd q in drives literature, are

now vc,d q ; likewise, the motor currents, normally referred to

as id q , are now io,d q in the topology. Changing the notation

of the standard PMSM model yields

i̇o,d =
1

Ld

(

vc,d −Rs io,d +ωLq io,q

)

(20a)

i̇o,q =
1

Lq

(

vc,q −Rs io,q −ω
(

Ld io,d +ψ
))

(20b)

where Ld and Lq are the d- and q-axis inductances of

the motor, respectively; Rs is the stator winding resistance;

ψ is the flux of the permanent magnets; and ω is the

electrical angular velocity of the rotor, which is linked to

the mechanical angular velocity ωm by the pole pairs pp

by ω= ppωm .

B. Common Mode Modelling

The leakage current in a system with a parasitic capac-

itance Cl kg between the DC negative and AC neutral can

be written as

ilkg =Clkg
d vC M

d t
(21)

where vC M is the common mode voltage resulting from

the switching operations. This voltage changes rapidly in

a switched circuit as a high switching frequency is ad-

vantageous for reducing the size of passive components

(inductors and capacitors). It is calculated as

vC M =
1

3

(

vx,a + vx,b + vx,c

)

, (22)

where vx is the voltage at the output of the inverter. In

a typical inverter, vx ∈ {− 1
2

VDC ,+ 1
2

VDC }; in the proposed

topology, vx ∈ {0,+VDC }.

To study the system and to determine the impact of the

proposed topology with LC filter on the common mode, the

parasitic couplings can be added to Fig. 1, resulting in Fig.

4. Using Fig. 4a and Fig. 4c, the common mode equivalent

circuits Fig. 4b and Fig. 4d can be determined, which both

have a parasitic capacitance Cp coupling chassis to the

DC negative and a battery common mode noise filtering

Y capacitance Cy present. In traction mode (Fig. 4d) the

equivalent motor common mode circuit of Fig. 5 is included

that has a zero sequence inductance L0, which is normally

small [50], and the parasitic capacitances of the motor that
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-

Fig. 5: Equivalent electric machine common mode circuit.

couple to chassis called Cm , whereas in charging mode

there is no capacitance beyond Cp and Cy . The parasitic

capacitances in each individual mode can be summed

together to yield the total leakage capacitance Clkg , which is

what interacts with the common mode voltage to generate

the leakage current il kg . In traction mode, owing to the

higher impedances afforded by L0 and Cm , the leakage

current should be smaller than in charging mode.

In a typical inverter, a common mode inductor LC M is

used to attenuate the leakage current ilkg , though it is

not sufficient by itself. In the proposed integrated charger

topology, a common mode inductor is also used to fur-

ther attenuate the leakage current beyond what is already

achieved with the common mode voltage control to ensure

charging mode leakage current standard compliance.

1) Motor Bearings: Bearing currents and voltages are a

major point of failure for electric drives [42]. Modelling

their frequency and magnitude is difficult [65]; however,

the literature is clear: they are generated by the common

mode voltage vC M [43].

A widely cited simplified equivalent circuit of the electric

machine’s parasitic capacitances can be considered, shown

in Fig. 5 [39, 40, 41], to help with understanding the benefit

the proposed integrated charger topology has for the motor

bearings. A useful ratio called the bearing voltage ratio can

be calculated from it that is indicative of the bearing voltage

in the system. It is

BV R =
Cwr

Cwr +Cb,N DE +Cr f +Cb,DE
, (23)

where Cb,N DE and Cb,DE are the non-drive end and drive

end parasitic capacitances of the bearings, respectively, Cwr

is the stator winding to rotor capacitance and Cr f is the

rotor to frame capacitance. Typical BVRs are less than 10%

[66] but vary depending on the specific motor [67]. The

bearing voltage can then be calculated as

vb = vC M BV R. (24)

The common mode voltage seen at the motor’s terminals

with the proposed integrated charger can be broken into

two components: a fixed (DC) value across the capacitor

vc,C M and an AC disturbance signal v AC superimposed that

represents ripple in the control, noise, etc. This gives the

common mode voltage

vC M = vc,C M + v AC . (25)

With a well designed control, v AC will be small,

which means that the bearing voltage will be vb =
(

vc,C M + v AC

)

BV R, i.e. a small DC offset and a very small

disturbance due to the switching and control. By keeping

vc,C M below the breakdown voltage of the lubricant, dam-

aging electric discharge machining bearing currents can be

avoided with the proposed topology.

An approximation of the bearing currents can be ob-

tained by recognizing that the leakage current il kg will be

divided between Cw f and the bearing path. According to

the literature, Cw f has a low impedance compared to the

bearing path [46]; hence, the bearing current ib will be a

fraction of the leakage current. With the proposed topology,

vC M is kept approximately constant, which means that ilkg

will be small and, thus, ib will be very small.

C. Control
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Reference
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Fig. 6: Proposed integrated charger control block diagram.

Control is realized in the d q0 frame. Transfer functions

can be derived for the d- and q-axes by solving the

differential equations (19) and (20) for the desired input-

output relationship. To simplify the implementation, the

inductor currents are not directly controlled and, instead,

the output current is used to generate the reference voltage

for the inverter to apply, meaning that the transfer functions

Hd (s) = io,d

vx,d
and Hq (s) = io,q

vx,q
are solved for. A benefit of this

strategy is that the inductor current sensors can be omitted,

reducing added costs.

Like in the d q axes, the 0-axis transfer function can

be derived from the differential equations (19). For the

control design, the equivalent leakage capacitance Clkg and

the common mode inductance LC M are omitted. This is

because Clkg is small and, hence, has a high impedance;

the common mode inductance also has a high impedance.

Simplifying in this way helps to build the transfer function

that links the capacitor voltage with the inverter input

voltage, which is given by

HC M (s) =
vc,C M

iL,C M
×

iL,C M

vx,C M
=

vc,C M

vx,C M
. (26)
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This transfer function makes clear that the capacitor’s

common mode voltage is controllable. To maximize voltage

utilization, vc,C M should be controlled to 1
2

VDC .

Care must be taken when designing the control of this

system because of the small LC filter parameters, as reso-

nance will be exhibited in all three axes at

ωr es,d =

√

Lo,d +L f

Lo,d L f C f
(27a)

ωr es,q =

√

Lo,q +L f

Lo,q L f C f
(27b)

ωr es,0 =
√

1

L f C f
(27c)

where Lo is the output inductance of the system. In traction

mode, the output inductances are the motor inductances,

i.e. Lo,d = Ld and Lo,q = Lq ; in charging mode, the output

inductance is the intrinsic inductance of the grid, i.e. Lo,d =
Lo,q = Lg .

To compensate for the resonance, a notch filter can be

added at the cutoff frequency of each of the d q0-axes. The

notch filter can be designed in continuous-time as

s2 +ω2
r es

s2 + ωr es

Q
+ω2

r es

(28)

and implemented in discrete-time as difference equations.

The variable Q represents the quality factor of the filter and

can be used to tune how wide the notch is. The Bode plots

of the system with and without notch filters are shown in

Fig. 7, with the resonance clearly being attenuated when

applied. The phase and gain margins of each axis with

notch filter indicate the proposed control scheme is stable

at 20kHz control frequency, whereas without it is not.
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Fig. 7: Bode plots of the proposed control scheme with

(dashed lines) and without (solid lines) notch filter.

The proposed control structure is shown in Fig. 6, where

traction and charging modes share the same fundamental

output current and zero sequence voltage control, but differ

in how the reference output currents i∗
o,d q

are generated. In

traction mode, the reference currents can be obtained from

some reference generation scheme, e.g. maximum torque

per Ampère. In charging mode, a constant current/constant

voltage (CC/CV) controller is employed, which demands a

d-axis current reference i∗
o,d

to deliver active power and,

if grid support is necessary, a reactive power reference i∗o,q

can be added as well. The CC/CV controller has two states:

the first pushes a constant current until the battery’s state-

of-charge (SOC) is near peak; the second applies a constant

voltage that trickle charges to complete the charging cycle

[68].

D. Phase-Locked Loop

To obtain the grid’s phase in charging mode, a phase-

locked loop (PLL) is employed. Its design follows a standard

synchronous reference frame (d q) implementation, such as

the one described in [69], where the grid voltages at the

point of common connection with the grid (the capacitors)

are measured. The common mode voltage control does not

influence the design of the PLL as it infers the grid’s phase

θ from the αβ voltages, which have the zero sequence com-

ponent separated from them through the Clarke transform.

V. EXPERIMENTAL RESULTS

The proposed integrated charger topology is experimen-

tally validated in both traction and charging modes with

the parameters provided in Table II. The prototype inte-

grated charger is designed for EVs with minimum, nominal

and maximum battery voltages of 700V, 835V and 900V,

respectively. Traction mode is demonstrated with torque

and speed steps to show that dynamic performance is not

degraded compared to a standard drive and that a reduction

in leakage currents and shaft voltages are seen. Charging

mode test conditions emulate interfacing with the 50Hz

European three-phase grid with line voltage 400VLL and

show active and reactive power steps as well as leakage

current compliance. The prototype has rated power of

11kW with RMS phase current of 16A at VLL = 400V. The

experimental setups are depicted in Fig. 8, with Fig. 8a

showing traction mode and Fig. 8b charging mode.

TABLE II: Prototype integrated charger system parameters.

Parameter Value

PMSM pole pairs (pp ) 5
PMSM stator resistance (Rs ) 0.4Ω
PMSM d-axis inductance (Ld ) 10.5mH
PMSM q-axis inductance (Lq ) 12.9mH
Permanent magnet flux (ψ) 0.3491Wb
Filter inductance (L f ) 45µH

Filter capacitance (C f ) 12µF

Common mode inductance (LC M ) 4mH
Minimum DC voltage 700V
Nominal DC voltage 835V
Maximum DC voltage 900V
Rated power 11kW

A. Traction Mode

Traction mode validation is demonstrated with torque

and speed steps and steady state operation with DC voltage
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Fig. 8: Experimental setups of the proposed integrated charger. (a) Traction mode. (b) Charging mode.

VDC = 700V. The goal is to show that the steps and subse-

quent steady state operation are similar to a standard drive,

i.e. without LC filter and zero sequence voltage control. In

this setup, shown in Fig. 8a, an IM and PMSM are coupled

together with the IM connected to an off-the-shelf variable

frequency drive (VFD) and the PMSM connected to the

proposed integrated charger.

Torque control validation is shown through a sequence of

torque steps from zero torque to maximum torque in both

motor (positive torque) and generator (negative torque)

operation before resting at the final commanded torque

(io,q =+5A) at speed N = 1000RPM, with the results shown

in Fig. 9. In torque control mode, the induction machine’s

speed is set by the VFD and the PMSM is used to generate

torque. Both the dynamic and steady state performance

are not degraded relative to the same testing configuration

without LC filter and zero sequence voltage control [4]. The

practical bandwidth of the control is approximately 200Hz,

found by calculating 0.35
tr i se

[70], which is consistent with the

Bode plots of Fig. 7.

Speed control emulates how a vehicle responds to the

driver pressing down on the pedal to accelerate. In this

test case, the IM is disconnected from the VFD and the

PMSM’s speed is controlled. To demonstrate speed control

performance, positive (acceleration) and negative (deceler-

ation) speed steps are applied, which are shown in Fig.

10. The dynamic performance is not degraded relative to

the same motor drive without LC filter and zero sequence

voltage control [5]. Together with the torque control results,

the proposed integrated charger topology is shown to be

feasible in traction mode.

An additional benefit conferred by the proposed inte-

grated charger topology is a reduction in bearing currents

and shaft voltages. As discussed in section IV-B, these

phenomena are directly linked to the common mode volt-

age. Because the proposed topology controls vC M to an

approximately constant value, a reduction in vb and ilkg

can be seen. The reduction in vb is shown by measuring

the shaft voltage vsha f t of the machine and ilkg is shown

by measuring the leakage current at the motor’s terminals.

Four cases are measured with the same switching frequency

fsw = 80kHz so as to make a direct comparison: 1) no

LC filter (and, hence, no common mode voltage control)

and no common mode inductor to demonstrate baseline

leakage current of the drive, shown in Fig. 11a; 2) no LC

filter with common mode inductor; 3) LC filter with no

common mode inductor, to demonstrate the benefit the

common mode voltage control provides by itself; 4) LC

filter with common mode inductor to show the additional

bearing voltage and leakage current attenuation provided

by augmenting the common mode current path, shown in

Fig. 11b. Results are summarized in Table III. The proposed

control reduces the peak-to-peak leakage current by 94%

and the RMS leakage current by 97% and the peak-to-

peak shaft voltage by 90%. The common mode voltage

is controlled well, with a small sinusoidal oscillation and

peaks injected by the switching actions. The peaks can

be reduced by slowing switching transients down by using
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Fig. 12: Measured total system efficiencies in traction mode

at N = 1200RPM with different configurations. Peak effi-

ciency of the PMSM is 93%, per its datasheet.

(a)

(b)

Fig. 13: Steady state charging mode waveforms of (a) induc-

tor current, grid voltage, battery current and battery voltage

and (b) zoomed out waveforms at 6kW.

charging, have been shown to be up to 97% efficient at

22kW, though they require substantial numbers of compo-

nents, and commercially available on-board chargers are

up to 95% efficient [12]. Therefore, the proposed topology

performs well while providing net efficiency and reliability

Fig. 14: The switching frequency is adjusted to force soft

switching based on the measured (average-sampled) induc-

tor current.

(a)

(b)

Fig. 15: Inductor current, grid voltage, grid current and

battery voltage waveforms with (a) active power step of 5kW

(b) zoomed waveforms during transient.

benefits in traction mode and removing the need for an

isolation transformer in charging mode.

VI. COMPARISON OF PROPOSED INTEGRATED CHARGER TO

UNITED STATES DEPARTMENT OF ENERGY TARGETS

The proposed integrated charger concept removes the

dedicated on-board charger and replaces it with several

necessary components that are non-standard for an electric
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Fig. 16: Reactive power commands from 2kVAR to 10kVAR

with a step of 2kVAR captured in a time range of 30ms.

(a)

(b)

Fig. 17: Inductor current, grid voltage, leakage current,

battery voltage, common mode voltage (a) with common

mode choke in the loop and (b) without common mode

choke in the loop.

vehicle drive. The unit cost, weight, volume and quantity

of the added components are listed in Table IV. The total

cost of a single prototype is $280.16, which could be

reduced significantly when moving to mass production and

is significantly lower than the US DOE targets for a mass

produced dedicated on-board charger unit. The added mass

and required volume are also fairly low, with a large portion

of both dedicated to the filter inductors.

When comparing to the US DOE targets outlined in Table

I, the single prototype of the integrated charger performs

very well in all metrics for the 2020 targets and for most
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Fig. 18: Measured efficiency of the variable frequency crit-

ical soft switching integrated charger in charging mode.

TABLE IV: Unit cost, weight, size, and quantity of the com-

ponents necessary for one prototype unit of the proposed

integrated charger.

Component Cost ($) Mass (kg) Volume (L) Quantity

Filter inductor 50 0.9 0.182 3
Filter capacitor 6 0.029 0.026 3
CM inductor 13.48 0.215 0.159 1
Voltage sensor 9 0.01 0.0005 3
Contactor 6.28 0.017 0.01 3
RCD 34 0.36 0.182 1

TOTAL 280.16 3.44 1.22 -

in the 2025 ones. This is outlined in Table V, where the US

DOE targets are for mass production of 500,000 units and

the prototype metrics are evaluated for a single unit with

low volume pricing. Relative to the US DOE targets in 2020

and 2025, the single prototype is 49.1% and 27.2% cheaper,

respectively, with the gap expected to grow if the prototype

were optimized for cost and brought to mass production.

The specific power is marginally higher compared to the

2020 target but below the 2025 target, where significant

gains can be made through shrinking of the filter inductors.

The power density is almost three times higher than the

2020 target and almost two times the 2025 target. Lastly,

the peak efficiency of the integrated charger is higher

than both the 2020 and 2025 targets by an appreciable

margin, with the efficiency at rated power of 11kW also

higher than both targets. In sum, the proposed integrated

charger exceeds all 2020 targets and most of the 2025

targets whilst providing on-board charging capabilities, a

bidirectional transformerless grid interface, enhancements

to motor lifetime and traction mode efficiency increases.

VII. CONCLUSION

This paper demonstrated an integrated charger enabled

by an LC filter with common mode voltage control with

contactors to change between traction and charging modes,
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TABLE V: Comparison of United States Department of Energy on-board charger technical targets at 500,000 units [2] and

a single prototype of the proposed integrated charger.

Metrics US DOE 2020 US DOE 2025 Single Prototype Benefit

Cost ($/kW) 50 35 25.47 -49.1%1 / -27.2%2

Specific power (kW/kg) 3 4 3.2 +6.67%1 / -20%2

Power density (kW/L) 3.5 4.6 9 +257.4%1 / +195.7%2

Efficiency 97% 98% 99.4%3 +2.4%1 / +1.4%2

1 Relative to 2020 US DOE target.
2 Relative to 2025 US DOE target.
3 Peak efficiency.

voltage sensors for the common mode voltage control and

a common mode inductor to ensure 30mA leakage current

compliance to permit transformerless three-phase charging.

Variable frequency critical soft switching was employed to

keep efficiency high and to make the LC filter small for

traction applications. Bearing currents and shaft voltages

are decreased by over 90%, which will result in increased

motor lifespan. Peak efficiency of the inverter integrated

charger was shown to be 99.4% and 98.4% at rated power

of 11kW and traction mode saw an increase in efficiency

of 0.6% over a standard 20kHz drive due to a decrease

in PMSM core losses. When comparing to United States

Department of Energy targets for mass production on-board

chargers, a single prototype of the proposed integrated

charger exceeds all metrics in 2020 and most in 2025,

demonstrating a significant decrease in cost and increase

in power density.
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