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Abstract—Non-isolated three-phase AC/DC electric vehicle
(EV) chargers offer enhanced efficiency and power density
compared to those incorporating a galvanic isolation stage.
Due to the high parasitic capacitance of the EV battery to
ground, even small Common Mode (CM) voltage components
can generate significant leakage currents, potentially exceeding
the 30 mA threshold defined by IEC 61851. In this work a non-
isolated EV-charger concept consisting of a three-level T-type
converter as AC/DC-stage and a symmetrical buck converter
as DC/DC-stage is analyzed in detail. A low frequency (LF)
CM voltage compensation strategy of the DC/DC converter
stage is proposed to compensate the often used third-harmonic
signal to increase the modulation range of the AC/DC converter.
Extensive simulation verify the applicability of this compensation
method resulting in considerably reduced leakage currents. A
loss breakdown on the main circuit elements demonstrates the
subsequent loss reduction.

Index Terms—Non-isolated Charger, Three-Phase, EMI Filter,
Leakage Current, On-Board Charger

I. INTRODUCTION

Driven by the goal of reducing greenhouse gas emissions by
43% by 2030 (cf. [1]), the demand for electric vehicles is rising
significantly. On-board chargers (OBCs) for electric vehicles
must accommodate a wide range of grid voltages to charge
high-voltage (HV) batteries with a voltage range of 250V to
450 V. State of the art OBCs are usually galvanically isolated
and typically a two-stage approach is used with a three-
phase AC/DC converter and an isolated DC/DC converter for
charging the battery. Galvanic isolation stages, which rely
on the (bulky) isolation stage usually implemented using a
low frequency (LF) or medium-frequency (MF) transformer,
present significant challenges to both power density and
efficiency [2], [3]. Non-isolated EV charger concepts raise
increasing attention due to their possibly higher power density,
improved efficiency, and lower cost compared to conventional
isolated solutions. The adoption of transformerless converters
in photovoltaic (PV) systems has demonstrated substantial
benefits, doubling power density and improving efficiency
by up to 2% [4], [5]. However, these chargers rely on
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Fig. 1: Charging structure consisting of a non-isolated on-
board EV charger, HV-battery and RCD.
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residual current devices (RCDs) to ensure safety, as specified
by relevant standards (e.g., IEC 61851 or UL 2202). Such a
charging structure including the grid, the RCD, the on-board
charger and the car’s battery is shown in Fig. 1. Due to the
elimination of galvanic isolation, low impedance CM paths are
formed that can lead to significant leakage currents, potentially
causing RCDs to trip [6], [7]. The most important part of
these CM paths are the parasitic capacitances that are formed
between the battery and the chassis, with values of several
UF (2-5uF) [8]. The maximum CM voltage (RMS) that can
be present in the system without violating the RCD trip limit
(30 mA RMS defined by IEC 61851) for the frequency range
that the RCD is monitoring (< 1kHz) is shown in Fig. 2.
Some research groups have proposed modulation methods and
topologies that limit LF and HF CM noise by utilizing a
neutral conductor, often called three-phase four-wire systems
[8]. Closed-loop solutions have been developed to suppress
these leakage currents by regulating the LF CM ground current
near to zero, without using bulky CM filters [9], [10]. In this
work, a CM mitigation method is discussed for the case of
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Fig. 3: Basic structure of the proposed non-isolated on-board charger consisting of a three-phase three-level T-type AC/DC
converter and a symmetrical buck-stage. Both converter stages additionally introduce a high frequency CM filter stage.

a three-phase non-isolated on-board EV charger comprising a
three-level boost PFC rectifier stage and a dual-buck DC/DC
converter stage, in which the dual-buck DC/DC converter stage
is used to compensate the LF CM voltage generated by the
three-level PFC stage.

II. CONVERTER TOPOLOGY AND OPERATING PRINCIPLE
A. System Description

The basic structure of the proposed non-isolated EV

charger is shown in Fig. 3 and specifications are given in
Table I. The topology consists of a three-phase three-level
T-type AC/DC converter followed by a symmetrical buck
DC/DC converter stage. Both converter stages include a high
frequency CM filter. In case of the three-level T-type converter
the capacitor midpoint y is thereto connected to the artificial
star point built by the three DM filter capacitors Cpy;. In this
case the DM filter capacitors form a low-pass (LP) CM filter
together with the boost inductors Ly. In order to be able to
select the cut-off frequency of the CM filter independently
of the DM filter stage, capacitor Cgg is inserted in series to
the DM capacitors. Please note that in this solution the high
frequency components of the CM voltage create additional
current ripple in the boost inductors Ly, however, the high
frequency components in the CM voltage of the DC-link are
well filtered, only the low frequency components, i.e. mainly
the third-harmonic component remains.
For implementation of the required buck-stage a symmetrical
variant is chosen to limit high frequency CM emissions.
In addition, a CM filter stage similar to the three-level
AC/DC converter is implemented but for the DC/DC-stage an
additional CM-choke Lpccm is connected in series to the two
inductors Lpcpm. The CM inductor Lpccm builds together
with the filter capacitors Ccmpempce a low-pass filter, however,
in this case the high frequency CM-voltage is applied across
the CM-inductor and doesn’t increase the current ripple in
the output of the buck stage.

TABLE I: Specifications of the Non-Isolated OBC.

Converter Specifications

RMS Grid voltage Vi =400V

DC Output Voltage Range Vout = 250 — 450V
Rated output power Pout = 11 kW
Battery Parasitic Capacitance Chgv = 2uF

The modulation index M Wpea/ (Ve /2) of the three-

level T-type converter without any measures is limited to
M = 1. However, applying a third-harmonic CM component
with amplitude M3 /6 (optimum for maximizing modu-
lation range) in the modulation signal allows to increase the
modulation range to M = 2/v3 lowering the required DC-
link voltage and therefore further reducing PFC switching
losses by ~ 13% [11]. In addition, the three-level T-Type
converter intrinsically creates a low frequency capacitor mid-
point current ¢y with a main component at 150 Hz. This
creates additional losses and a low frequency unbalance in
the two DC-link capacitors. This unwanted effect can also
be reduced by adding a third-harmonic component to the
modulation signal. The optimal amplitude to minimize this
midpoint current is M3 = 1/4 and by using this low frequency
CM component the midpoint current is almost reduced to zero
thus reducing the losses in the DC-link capacitors and the
required DC-link capacitance value.
The third harmonic-component in the modulation signal for
both optimization goals, however, is visible in the DC-link of
the converter and additional measures must be taken to limit
the LF CM current caused by this voltage component.

B. CM Egquivalent Model

The proposed converter structure can thereto be analyzed
by using the equivalent model shown in Fig.4. The CM
behavior of the AC/DC-stage is modeled by equivalent LF
and HF voltage sources UCM,AC/DC,LF and UCM,AC/DC,HF» and the
DC/DC-stage upper and lower half-bridges are modeled with
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Fig. 4: CM equivalent model with battery parasitic capacitors Cy, and Cy,. . CM noise shown for Vpc = 600V and Vg, = 300 V.

vempeme Lk and vempempeLr- These voltage sources include
HF components, i.e. switching frequency and harmonics, and
LF components, mainly third-harmonic component. The volt-
ages are given by

UDM,AC/DC = Upy + Vyn, UDM,DC/DC = Uxy + Vyz. (1)
UpPE + UnPE UxPE + VzPE
2 ’ 2
The discussed CM-filter stage of the three-level T-type con-
verter built by the boost inductors Ly and Cgg is visible.
On the battery side, the CM inductor Lpccm form together
with the CM capacitor Compempce @ second order LP filter to
mitigate the HF CM voltage generated by the DC/DC-stage.

The LF CM voltage appears in the DC-link midpoint and
is dominated by the third-harmonic signal of the AC/DC-
stage used to increase the modulation range. These LF CM
voltage components cause CM currents through the parasitic
capacitors of the battery to ground and may result in nui-
sance tripping of the RCDs, considering that the capacitance
values of the parasitic capacitors of the battery pack can
be in the order of several pF [6], [7]. On the other hand,
the symmetrical buck-stage is able to generate a LF CM
voltage. If the CM voltage of the DC/DC-stage is controlled
to compensate the low frequency CM voltage of the AC/DC-
stage, i.e. UCMAC/DC.LF vempemcer then the midpoint of
the buck-stage output capacitors and hence the battery stack
show a potential close to PE thus reducing the LF CM currents
considerably. Please note, that only the LF CM voltage can be
compensated by this approach which is the main reason for
the applied high frequency CM filter strategy of the AC/DC
and DC/DC converter.

UCM,AC/DC = UCM,DC/DC = . (2

III. CM MITIGATION METHOD

To suppress the LF CM voltage generated by the AC/DC-
stage, a CM mitigation method is therefore proposed. The
DC/DC-stage needs to be modulated in such a way to com-
pensate the LF CM voltage generated by the AC/DC-stage. In
the following derivation, averaging over one switching cycle
is used as switching ripple effects are not of interest for the
LF CM mitigation. The averaged duty cycles of the upper and

lower bridge and voltages vy, and vy, of the buck stage are
defined as

v, v,
_ =3 + Vempene L _ Vempener — 5t
dl (t) - VC](t) ) dZ(t) - *ch(t) )
3)
Uy (t) = di(t) - Ve (t),  Ty(t) =do(t) - Verlt). @)

For that definition it is assumed that the (virtual) midpoint
m stays constant at ground potential and that the two output
voltages across the capacitors Coy,y and Cyy are equal, i.e.
Vout/2. Then, the DM component vpypeperr as well as the
CM component vempeper of the DC/DC converter can be
written as

vpmpeme Lr(t) = di(t) - Vei (t) + da(t) - Vea(t),
dy(t) - Ver(t) — da(t) - Vieo(t)
5 )

It is also intrinsic to the operation of the system that the total
voltage in the DC-link is controlled to be constant, thus it can
be obtained

&)
(6)

vempemeLr(t) =

)

The LF CM voltage generated by the AC/DC-stage is a result
of the modulation and is given by

Voe = Ver (t) + Vez ().

v
Vin - sin(3wt) = M - %C - sin(3wt)

®)

vem acme,LE ()

if third harmonic component is used either to increase the
modulation range or to reduce the midpoint current. The output
voltage of the charger 1, is generated by proper modulation
of the DC/DC-stage using the duty cycles

Vout
Voc'

The DC/DC-stage shall compensate the LF CM voltage mainly
consisting of a third-harmonic component and therefore in
addition to the ”DC component” also an AC component d,(t)
needs to be added. Referring to (5) and (6) the AC component
d.(t) needs to be added to the duty cycle d; of the upper

D =D,=D=

9



half-bridge and subtracted from the duty cycle d, of the lower
half-bridge
di(t) = D1 —dye (t) = D —dyc (1) , (10)
dp (t) = Dy +dy (t) =D +dy (t) (11)
The output current I, is controlled by the output current
controller to a constant value. The average half-bridge input

currents as well as the average mid-point current i (t) of the
DC/DC converter are written as

i1 (t) =di (t) - Louss ia(t) =da (t) - Lous (12)
iy(t) = _(1 —d (t)) ou — (1 —dy (t)) “ Tout
=2 dy (t) - Toy- (13)

The sum of the midpoint currents 4y + iy + 43 leads to a
variation of the individual capacitor voltages. Therefore, also
the current iy(¢) generated by the three-level T-type AC/DC
converter must be considered. This current has a strong third-
harmonic component but also components at k- 150 Hz where
k=1,3,5,.. . The components for k£ > 1 are, however, small
and can be neglected here. A careful analysis of the midpoint
current of the three-level T-type converter results in
3
Ix Z [M - A? + Mj - sin(3wt) - A] - (—sgn (A))
i=1

im(t)

~ M A
>~ (IN . 7 — IN -2 M3> . sin(3wt),
(14)

with A = sin (wt — (i — 1)2F). The third current component
which has to be considered for calculation of the capacitor
midpoint current is the current ¢p3 as a result of the AC/DC
CM filter structure where the midpoint y is connected to the
artificial star-point N’ built by the filter capacitors Cpyy;. The
LF CM current ip3 is a result of the added LF CM voltage
of the AC/DC-stage and is applied on 3Cpy; and Cgg and is
given by

d t
in(t) = Co —”CM’A‘;”;C’LF( : (15)
o 3 - Cpwmi - Crs
b 3 - Cpmi + Crs

This current is, however, quite small (15 mA peak for M3 =
0.25 and Vpc = 600 V) and can be neglected.

The differential equations for the two capacitor voltages are
hence

dVei(t)  im(t)

¢ W) w0 g ) ft i), 0
dVeo(t im(t ;
B

Combining (5) and (6) with (10) and (11), the voltages of
the DC-link capacitors can be rewritten as

(18)

Ver () = vpMm.pemeLE(t) + 2 - vempepe.Lr(t)
cl 2 (D — dye(1))

Vea(t) = vpm.peeLE(t) — 2 - vempeme Li(t)
= 2 (D + dye(1))

19)

1 T T :
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Fig. 5: Numerical solution (solid line) and approximation
(dashed line) of dy(t) for the proposed LF CM mitigation
technique of the DC/DC converter for M3 = 1/4sin (3wt).
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Fig. 6: Frequency spectrum of the numerically acquired d,(t)
for M3 = 1/4sin (3wt).

Using (16), (17), (18) and (19) assuming equal DC-link
capacitors ¢y = (5 and considering the desired DM and
CM voltage components vpmpempcr(t) and vempempeLe(t)
the differential equation

d(dac(t)) _ 2. (_D — ddc(t))Q . (Qdac(t) ) Iom)
dt C - (vpmpemerr(t) + 2vempemeLr(t))
2(D — dye (1)) - dvempencr(t)
- ( (1)) w o0

(vpm,peme e (t) + 2vempeme e (t))

can be defined. Please note that the DM component is the
battery voltage and the CM component should be the LF CM
voltage of the AC/DC-stage which should be compensated by
this approach. Equation (20) is challenging to solve analyti-
cally due to its inherent nonlinearity, coupled dynamics, and
time-dependent coefficients. These characteristics render the
equation unsuitable for standard analytical techniques, neces-
sitating numerical methods for practical solutions and (20) is
hence solved numerically for d,.(t) using MATLAB’s ode45
solver. The results are shown in Fig. 5§ and the corresponding
frequency spectrum of the solution is depicted in Fig. 6. As
expected, the result contains a third-harmonic component with
the magnitude of 1/4 and higher order harmonics. As an
analytical expression is difficult to be defined, a low error
approximation can be made for d,(t). Knowing that DC/DC
converter needs to compensate the LF CM voltage generated
by the AC/DC converter vepacpe = Vin - sin(3wt) to ensure



zero LF CM current, the duty-cycle d,.(¢t) can be estimated

by

2-Va
Vbe

Using this duty cycle the resulting CM and DM voltages are

given by

dac(t) = - sin(3wt). (21)

UCM,DC/DC,LF(_t) = —Vp - sin(3wt)— _
N ;w é)l Mo - Ix (Af _ M3)_ cos(3wt)  (22)

UDM,DC/DC,LF(_t) =D - Vpc+ ]
3];4;1 _Mg[om + Iy (]f — M3)_ sin(6wt).  (23)

According to (23) this modulation method creates a fluc-
tuation of the DM DC/DC-stage voltage (output voltage) at
twice the frequency of the reference CM voltage, i.e. 300 Hz,
as the modulation process finally introduces a multiplication
between a sinusoidal duty cycle dy(t) with sinusoidal varying
capacitor voltages V1 and V,. If an output voltage controller
is used with a bandwidth above the 6th harmonic, this variation
is handled by the controller accordingly by adjusting the duty
cycles d;(t) and d,(t) and the ripple is shifted to the DC-link
voltage Vpc. The resulting 6th harmonic voltage ripple in the
DC-link Vpc, however, shows a value below < 1V for the
converter at hand and is almost negligible.

A. Controller Structure

In the following, a control structure for the DC/DC converter
including the LF CM mitigation technique is introduced. The
proposed control scheme is presented in Fig. 7. The DC/DC
converter output is controlled using a cascaded PI structure.
The inner current controller K3(s) controls the charging
current while a superimposed output voltage controller K(s)
generates the reference current ij-. The current controller
generates the duty-cycle component D used in (10) and (11).
The CM component given by d,. in (10) and (11) is set
by a dedicated CM voltage controller. The CM voltage is
thereto measured and the high frequency components are
filtered to achieve vempepe g This voltage is now compared
with the CM voltage of the AC/DC-stage vcm acpe.Lr and the
deviation is the input of the CM voltage controller Kj(s).
For the CM voltage controller a simple P-type controller
with feedfoward of the LF CM voltage of the AC/DC-stage
UCM,ACDC,LF (through dac‘ff =—M; -sin(3wt)) is used. Finally,
the duty cycles for the upper and lower bridge d; (t) and da(t)
are calculated by combining dac and D. The design of the
dedicated controllers is not further discussed here for the sake
of brevity.

IV. CONVERTER LOSSES

The proposed CM mitigation method influences power
losses in several key components, including the power semi-
conductors and the DC-link capacitors and in the following
these loss elements are in focus of the analysis. The cases for

vCM,AC DC,LF
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Fig. 7: Proposed control structure for the DC/DC-stage of the
non-isolated 3-® EV charger consisting of a DM controller
part (K(s) and K3(s)) and a CM voltage controller K (s).

comparison are the modulation without 3rd harmonic signal
in the AC/DC-stage (M3 = 0) resulting in a DC-link voltage
of Vpc =700V for a symmetrical 400 V grid and modulation
with a 3rd harmonic signal with amplitude M3 = i resulting
in a DC-link voltage of Vpc = 600V. For the three-level T-
type converter with a grid voltage of 400V, switches with a
blocking voltage of 1200V are required for S, ; and S, and
hence conduction losses are given by

2M

Pcond,n+ = Pcond,n— = IAI%I ' ( 3

) - Ry on,1200 (24)

while for the mid-point switches Spx and S,, a blocking
voltage of 650V is sufficient and conduction losses are hence
given by

- 1 2M
Pcond,n,k = Pcond,n,y = Ilgl . ( -

1 3. ) “Rysongso  (25)

where n is the number of phase n € {a,b, c}. For calculation
of the three-level T-type switching losses, a hard switching
model according to [12] is used. The switching losses in a
T-type bridge-leg are given by

Ly, = Eloss,cap(VSW7 Isw) + er(Isw)sz
A 1 I3

§dvsw/dt SwW §disw/dt SW-

(26)

The first term, Flosscap, represents the energy stored in the
nonlinear parasitic output capacitance of the MOSFETSs, which
strongly depends on the switched voltage, while @, is the
reverse recovery charge of the MOSFET body diode involved
in the commutation. The last two terms i I, and
1 12

Vi
2 dosw/az
5 W%VSW in (26) represent V — I overlap losses which can be
neglected if WBG power semiconductors such as SiC or GaN
are applied, given their high switching speeds. The capacitive

energy losses and the energy losses of reverse recovery of the



semiconductors of phase n are given by

Vie
ESW,AC/DC = Eoss,Sn,k ( +

2
4 Qosesoe (Vé‘) e B <V§> +
+ {Eoss,mvdc) ~ Fousn (Vgﬂ e
- l:Qoss,Sn-(V:ic) — Qoss,Sn- (VSC)] %4—
+ Tons [ Isw] %

where (oss and Eyss represent the charge and the energy stored
in the parasitic output capacitance of the respective switches,
and 7 is the time required for charge recombination in the
switches. Details of this enhanced switching loss model can
be found in [12]. The losses of the DC/DC-stage are modeled
in a similar manner. Conduction losses of the power swichtes
in the DC/DC-stage can be calculated by

Pcond,hp = Pcond,hn = Dl . I(?ut . Rds,on,DC/DC (28)

Pcond,lp = Pcond,ln = (1 - Dl) . Igm : Rds,on,DC/DC (29)

and switching losses are estimated using loss data provided in
the datasheet, however, scaled to the occurring voltage level

Psw,hn = Lswlp = Psw,ln (30)

= fspomc - (Eonnp + Eoftnp) -

P, sw,hp

Next, the LF power losses in the DC-link capacitors due
to ESR are considered. Please note that switching frequency
ripple components are not considered in this comparison as
they do not change considerably by applying the proposed
CM mitigation technique. Without third-harmonic signal in
the modulation strategy of the DC/DC converter the capac-
itor losses caused by the low frequency components in the
capacitor current are given by

ESR .,

5 (%)

N (31

Pesrir =
and a relatively large current component caused by the third
harmonic mid-point current of the AC/DC-stage exists (com-
pare also with (14)). When the third-harmonic signal is used in
the AC/DC-stage and compensation is applied in the DC/DC-
stage the additional losses due to the LF midpoint current
result in

ESR

. (M 2
Pisrir = — [M3 Joue + IN (2 -2 Md>:| (32)

V. SIMULATION RESULTS

To verify the fundamental operating principle of the pro-
posed method, extensive simulations were conducted using
PLECS circuit simulation software with the parameters given
in Table II and specifications listed in Table I. Both, the

TABLE II: Parameters of the non-isolated Charger

Simulation Parameters

AC/DC semicond. Sk
AC/DC semicond. S
DC/DC-stage semicond. Spc/pe
DC-link Capacitors C, Cy
AC/DC Switching Frequency
DC/DC Switching Frequency
Boost Inductance

AIMCQI20R030MIT, 1200 V, 30 mS2
IMLT65R050M2H, 650 V, 50 m$2
IMLT65R020M2H, 650 V, 20 m$2
4 x B43268C5277M060, 450V

fs.acme = 100 kHz
fspeme = 100kHz
Ly =3 x 130uH
Co =2 x 1mF
LDC,DM =2 x 20 ]JH
Lpcem = 2.5mH
Cout = 2 X 22F
Cempempce = 50nF

DC-link Capacitance
Output DM Inductance
Output CM Inductance

Output Capacitance

DC/DC-stage CM Capacitance

AC/DC as well as the DC/DC converter operate with a switch-
ing frequency of 100 kHz and the two modulators are operat-
ing synchronously. The converter is operated at a grid voltage
of 400V, battery voltages of V,, = {250V,350V,450V}
under full charging power of Py, = 11kW. The AC/DC-
stage uses a third harmonic signal with M3 = 1/4 but
the compensation method is enabled at ¢ = 20ms. The
corresponding results are shown in Fig. 8. During the first
period, where the compensation strategy is not enabled, a
large third-harmonic leakage current #j.,c Occurs due to the
LF CM-voltage generated by the AC/DC-stage and the large
parasitic capacitance Cppy of the battery to ground. This
current obviously exceeds the limits of 30 mA of commercial
RCDs.

When the compensation method is enabled at ¢ = 20 ms the
DC/DC converter stage starts to compensate the CM voltage
generated by the AC/DC-stage by modulating d; and da,
and third harmonic variations of these duty-cycles are visible
and the results are in good agreement with the theoretical
derivations. The generated CM voltage of the DC/DC-stage
corresponds to that of the AC/DC-stage. The modulation
introduces fluctuations in the capacitor voltages V¢ (t) and
Vo () at third harmonic (150 Hz), however, the total DC-link
voltage Vpc remains nearly constant, exhibiting only a small
fluctuation at 300 Hz. As expected, the grid currents are not
affected by the compensation approach.

When the compensation method is enabled, the leakage
current 4 1S reduced considerably. The resulting leakage
RMS currents are shown in Fig. 8 for the inspected battery
voltages. The leakage currents remain well below the IEC
61851 limit of 30mA for all battery voltages validating the
applicability of the proposed modulation method.

As a next step the main power semiconductor as well as
DC-link capacitor losses of the approaches without third-
harmonic component in the AC/DC-stage and the proposed
modulation strategy are calculated using the specifications
listed in Table II. The calculated losses are summarized in
Fig. 9 for Vo, = 250V which is the minimum battery voltage
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Fig. 8: Simulation results applying the proposed modulation method on the three-phase non-isolated onboard charger concept
for a grid voltage of 400V, battery voltages of Vo, = {250V, 350V, 450 V} and an output power of Py, = 11 kW. Modulation
strategy is enabled at ¢ = 20 ms. Simulated key waveforms include the DC-link voltage Vpc, battery voltage Vo, grid voltages
vN; and currents iy;, DC-link capacitor voltages V| and V-, and corresponding duty cycles d; and ds as well as CM voltages
of the AC and DC stage Vemacmpe and Vempepe and the resulting leakage current gjeax.
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Fig. 9: Calculated loss comparison between the approaches
without 3rd harmonic component in the AC/DC-stage (Vpc =
700 V) and the proposed modulation approach (Vpc = 600 V)
as a function of Py, and Vo, = 250V using the parameters
specified in Table II.

and therefore worst-case scenario for the current stress of
the DC-link capacitors C'; and C,. For the approach without
third-harmonic signal in the AC/DC converter the DC-link
voltage is set to 700V while the DC-link voltage is reduced
to 600V for the proposed modulation method. In Fig. 9 total
conduction losses Peong, total switching losses P, as well as
DC-link capacitors 1osses Flogs capacitor are plotted as a function
of charging power F,,. Whereas the conduction losses of the
two approaches are quite similar the switching losses of the
approach with third- harmonic signal in the AC/DC-stage and
compensation allows to reduce the switching losses consider-
ably (e.g. 25% in full load operation with Py, = 11kW).
Conduction losses P,ng are dominating in both cases for
higher output power, however, the efficiency improvement is
most noticeable at low and mid-load levels, where switching
losses dominate total converter losses. The losses in the ESR
of the DC-link capacitors C and C, represent in both cases a
very small portion of the overall losses (= 1 W in both cases).
The increased DC-link capacitor currents and losses need to be
considered during design of the converter when the proposed
method shall be applied.

VI. CONCLUSION

This paper presents a novel low frequency common-mode
(LF CM) voltage mitigation strategy for non-isolated three-
phase AC/DC electric vehicle (EV) chargers. By leveraging the
modulation of the DC/DC-stage to compensate for the LF CM
voltage generated by the AC/DC-stage, the proposed method
significantly reduces leakage currents, preventing nuisance
tripping of residual current devices (RCDs). Simulation results
confirm that the technique successfully maintains leakage
currents well below the 30 mA threshold defined by IEC
61851, demonstrating its effectiveness in ensuring compliance
with safety standards. Beyond leakage current suppression,

the method also enables a reduction in the required DC-link
voltage, leading to improved efficiency. While this approach
introduces additional losses in the DC-link capacitors due to
increased ESR-related current ripple, the overall efficiency
gains outweigh these drawbacks, particularly at low and mid-
load conditions. Future work will focus on experimental
validation of the proposed strategy to assess its real-world
performance.
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