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Non-Isolated Bidirectional Three-Phase
Three-Level Wide-Output-Voltage-Range
Voltage DC-Link EV Charger

Daifei Zhang, Jérome Kaufmann, Jonas Huber, Matthias Kasper, Gerald Deboy, and Johann W. Kolar

Abstract—Non-isolated three-phase AC/DC EV chargers show
improved efficiency and power density compared to their counter-
parts with a galvanic isolation stage, but residual current devices
(RCDs) are mandatory to ensure electrical safety. However,
RCDs are prone to nuisance tripping caused by low-frequency
(LF) common-mode (CM) leakage currents through the ground,
which therefore must be suppressed. Therefore, first, modulation
schemes that do not result in LF CM voltages (i.e., do not
employ third harmonic voltage injection) that could drive LF
CM currents through parasitic capacitors from the DC output
to ground must be employed. Second, closed-loop ground current
control (GCC) ensures near-zero LF CM leakage currents even
with a direct connection of the charger DC output midpoint
to protective earth (PE). Considering a voltage DC-link PFC
rectifier system that consists of a boost-type three-level T-type
(Vienna) AC/DC-stage and a DC/DC-stage with two stacked buck
converters, this paper proposes a new modulation scheme for
buck-mode operation at low DC output voltages: the DC/DC-
stage then shapes the DC-link voltage such that only one of the
AC/DC-stage’s three bridge-legs operates with high-frequency
switching (1/3-PWM) at any given time, and, different from
previous methods, does not require third-harmonic injection to
do so. Further, a synergetic GCC is proposed, which operates the
two converter stages in the loss-optimum mode for any output
DC voltage (buck-mode and boost-mode) and regulates the LF
CM ground current to near zero. The proposed concepts are
verified using a 10 kW hardware demonstrator with a wide output
voltage range (200 V to 800 V) and a direct connection of the DC
output midpoint to PE, considering TT (Terra-Terra) and TN
(Terra-Neutral) grid grounding systems, whereby the proposed
GCC results in LF CM leakage currents below 7mA, i.e., far
below typical RCD trip limits (30 mA). The test voltages obtained
with the human-body impedance model from UL 2202 are below
120 mV, i.e., below 50% of even the most stringent limit of 250 mV
of the standard.

I. INTRODUCTION

RANSPORTATION of both passengers and freight accounts
for approximately 25% of the overall global energy
consumption [1] and the transportation sector also contributes
a significant 25% of the global CO, emissions [2]. Through the
implementation of enhanced energy conversion technologies
and the facilitation of renewable energy integration, electrified
transportation thus emerges as a highly promising avenue for
substantial mitigation of fossil fuel use and greenhouse gas
emissions, but still requires a substantial growth of the electric
vehicle (EV) battery charging infrastructure [3].

Recently, extensive research has been carried out on non-
isolated chargers for EVs to avoid bulky power process-
ing stages providing galvanic isolation, which also limit the
achievable efficiency [4]-[18]. Furthermore, the prevalence

of transformerless inverter systems for photovoltaics (PV)
can justify the momentum of non-isolated EV chargers: An
efficiency improvement of 1% — 2% and about twice the
power density is identified for transformerless PV inverter
systems compared to their galvanically isolated counterparts
[19], [20]. In state-of-the-art EV chargers, the galvanic isola-
tion is commonly achieved by a low-frequency transformer or
an isolated DC/DC-stage with a high-frequency transformer;
both options insert a large common-mode (CM) impedance
between the grid and the vehicle that limits the ground current
and ultimately ensures electrical safety [21]-[34]. Without gal-
vanic isolation, the non-isolated EV chargers feature improved
power conversion efficiencies and/or higher power densities
but rely on residual current devices (RCDs)! to provide reliable
protection against electrical hazards, which are thus mandatory
according to relevant standards (e.g., IEC 61851, UL 2202).
In the absence of a large CM impedance, excessive ground
currents might occur and lead to nuisance tripping of RCDs,
which is a main concern regarding non-isolated EV charging
systems [4], [9].

Existing literature addresses the suppression of critical
ground currents through the implementation of corresponding
(passive or active) CM filters. These filters must offer the
necessary attenuation not only in the high-frequency (HF)
range, such as electromagnetic interference (EMI) measure-
ment frequencies above 150 kHz, but also in the low-frequency
(LF) range monitored by residual current devices (RCDs), i.e.,
below 1kHz [9], [11], [13], [14], [16]. An integrated CM filter
referenced to the DC-link has proven effective in restricting
ground currents [11], [36]-[39]. Furthermore, researchers have
proposed various modulation schemes to reduce CM noise
emissions. Some focus solely on HF CM noise components
[15], while others target both zero LF and HF CM noise
in systems with a neutral conductor (three-phase, four-wire
systems) [12], [40], [41]. However, while open-loop concepts
have been extensively analyzed, closed-loop approaches could
potentially prove more reliable.

Therefore, a closed-loop ground current control (GCC) has
been proposed by the authors to effectively suppress ground
currents and thus avoid nuisance tripping of RCDs [17], [35]:
the LF CM ground current (i.e., the sum of the three mains
phase currents, which is monitored by RCDs) is measured
and regulated to near zero. Specifically, [17] implements the
ground current control in a buck-boost current DC-link topol-

IRCDs are also termed ground fault circuit interrupters (GFCIs).
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Fig. 1: Power circuit of the considered non-isolated 10 kW three-phase (3-®) boost-buck (Bb) voltage DC-link EV charger including CM and DM EMI filters,
which employs a 3-® three-level (3-L) T-type (Vienna) VSR-stage cascaded by two stacked buck-type DC/DC-stages to cover a wide output voltage of 200 V/
to 800 V. Employing zero-LF-CM (ZCM) modulation schemes, i.e., 3/3-PWM-ZCM (all three VSR-stage bridge-legs are operating with switching frequency)
from [35] in the boost-mode and the newly proposed 1/3-PWM-ZCM (only one of the three VSR-stage bridge-legs is operating with switching frequency)
in the buck-mode, facilitates a direct connection of the DC output midpoint m to protective earth (PE), whereby the proposed ground-current control (GCC)
regulates the LF ground current iGnp = %a + % + %c to values well below 30 mA, thus preventing nuisance tripping of RCDs. Two grid grounding schemes
are considered: TN (Terra-Neutral) with Ry = Rg = 082 and TT (Terra-Terra) with Ry = 10Q and Rg = 100 2 (details see Section IV-B). Note further
that parasitic capacitances from DC output terminals (and the connected battery pack) to the EV chassis are highlighted in red.

ogy, where a DC-link inductor connects a three-phase buck-
type current source AC/DC converter stage (current source
rectifier, CSR) and a boost-type DC/DC-stage to cover a wide
output voltage range of 300V to 1000V as typically required
from a universal off-board EV battery charger [42]. The CSR
interfaces the 3-® mains and realizes ohmic mains behavior
with sinusoidal input currents by pulse-width modulating the
DC-link current, i.e., distributing the DC-link current to the
grid phases. However, all typical PWM methods for current-
source AC/DC converters create LF CM voltage components
as byproducts. Thus, the GCC proposed in [17] utilizes the
DC/DC-stage to actively inject a compensating LF CM voltage
to ensure a near-zero CM (ZCM) voltage at the midpoint of the
DC output.> The DC output midpoint can then be connected
to protective earth (PE) since the GCC ensures a closed-loop
regulation of the ground current to essentially zero.

Differently, [35] implements GCC in a boost-type 3-& T-
type voltage-source rectifier (VSR-stage shown in Fig. 1).
There, sinusoidal PWM without third-harmonic injection can
be employed such that no LF CM voltage is generated (see
Fig. 2a). Note that this is intrinsically different from the cur-
rent DC-link system [42] discussed above, where the AC/DC
stage always generates an LF CM voltage that must be actively
canceled by another converter stage.

To again provide a wide output voltage range of 200V to
800V, the 3-® T-type VSR-stage is extended by a cascaded
3-L buck-type DC/DC-stage for universal EV charger appli-
cations in [44], resulting in a topology similar to that shown
in Fig. 1 but without the connection between nodes o, m, and

21t is important to highlight that [17] presents a current DC-link topology,
requiring that the DC/DC-stage actively injects an LF CM voltage to com-
pensate the LF CM voltage inevitably generated by the AC/DC-stage in order
to avoid the nuisance tripping of the RCD. In contrast, this paper investigates
the voltage DC-link converter shwon in Fig. 1, where the AC/DC-stage can
operate with zero LF CM voltage injection over the wide output voltage range
by using proper ZCM modulation schemes.

protective earth (PE). In the boost-mode operation, i.e., for
high output DC voltages, the 3-® three-level bridge-legs of the
VSR-stage are continuously pulse-width modulated to regulate
the output voltage and the DC/DC-stage remains clamped (i.e.,
transistors Tpcpp and Tpcpn are permanently turned on) to
avoid switching losses. In the buck-mode operation, i.e., for
low output DC voltages, where the output voltage needs to
be stepped down from the 3-® mains, the DC/DC-stage must
be activated, too. An advanced 1/3-PWM scheme is applied to
significantly reduce the switching losses of the 3-® T-type PFC
rectifier front-end [43]: The 1/3-PWM scheme, first proposed
in early 2000 for a 2-L voltage-source converter [45]-[47],
requires the DC/DC-stage to create a time-varying six-pulse-
shaped DC-link voltage Vpc = vp,, which allows to clamp two
phases of the VSR-stage and to operate only one remaining
phase with PWM hence the name “1/3-PWM”.

However, the topology from [44] cannot be directly applied
as a non-isolated EV charger since a direct connection to the
protective earth (PE) is impossible due to the LF CM voltage
used in the modulation schemes, and, ultimately, the ground
current control cannot be achieved to avoid the nuisance
tripping of the RCDs. So far, it has not been shown how
both 1/3-PWM and ground current control can be applied to
allow the non-isolated EV charger operation. This paper fills
the research gap by first conducting the necessary hardware
modification, i.e., introducing a direct connection (see the
highlighted connection in Fig. 1) between the protective earth
(PE), the DC-link midpoint o, and the output midpoint m,
to form a low-impedance path for the ground current. The
hardware change also poses an additional constraint on the im-
plemented PWM schemes, i.e., no LF CM voltage is allowed
to be injected by the AC/DC-stage. Otherwise, a considerable
LF CM current would flow since a low-impedance CM current
path is intentionally created.

In principle, GCC with 3/3-PWM-ZCM (see Fig. 2a) could
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Fig. 2: Conceptual key waveforms of different pulse-width modulation (PWM)
schemes in the context of the non-isolated 3-® Bb voltage DC-link EV charger
shown in Fig. 1. (a) 3/3-PWM-ZCM operation for the VSR-stage with a
constant DC-link voltage Vpc and zero LF CM injection (i.e., sinusoidal
PWM without third-harmonic injection), i.e., voM = Umpg = Vopg = 0 [35].
(b) Buck-mode operation with active DC/DC-stage that is utilized to shape
the DC-link voltage such that always only one out of the three bridge-legs
of the AC/DC-stage operates with HF switching [43], [44]; conventionally,
an LF CM voltage results. Thus, a direct grounding of the output midpoint
m as shown in Fig. 1 is not possible when applying the conventional 1/3-
PWM-CONV. (¢) Buck-mode operation with the proposed 1/3-PWM-ZCM
method that retains the overall six-pulse shape of the DC-link voltage from
1/3-PWM-CONV and hence also the loss reduction of the VSR-stage, but
allows the zero-LF-CM operation, i.e., compatible with a direct grounding of
the DC-output midpoint and thus the proposed GCC.

be implemented for the whole output voltage range. This
needs all three-phase bridge-legs continuously switching [35].
However, the DC/DC-stage has to be operated as well in the
buck-mode operation to step a high DC-link voltage down to
a low DC output voltage, which would lead to high power
losses. Instead, in buck-mode operation, the use of 1/3-PWM
is preferred to achieve a significant reduction of switching
losses. However, the conventional (CONV) 1/3-PWM method
[43], [44] leads again to the formation of an LF CM voltage
as shown in Fig. 2b and therefore is not compatible with
grounding the DC output midpoint as desired for non-isolated
EV chargers (see Fig. 1). There is, thus, a need for a new
modulation scheme that allows to advantageously maintain
the low losses of 1/3-PWM while at the same time enabling
operation as a non-isolated EV charger, i.e., with zero CM
injection.

Therefore, this paper first proposes a new 1/3-PWM-ZCM
scheme with zero LF CM voltage generation for the topology
shown in Fig. 1, which is achieved by breaking the conven-
tionally [43], [44] employed equality constraint Vpcp = Vbcn
between the upper and the lower DC-link voltages, respec-
tively (see Fig. 2c¢). This still allows maintaining the six-
pulse shape of the overall DC-link voltage Vpc and hence the
switching loss reduction for the AC/DC-stage by clamping
two out of three phases. However, to independently control

Vbc,p and Ve, the DC/DC-stage is realized by two stacked
buck converters, and a direct connection between the DC-link
midpoint o and the output midpoint m is thus needed. Further,
the absence of LF CM voltages enables a direct connection of
the output midpoint m to PE (see the highlighted connection in
Fig. 1), whereby the proposed GCC ensures near-zero ground
current.

Furthermore, as derived in detail in Section II, combining
the proposed 1/3-PWM-ZCM and the 3/3-PWM-ZCM from
[35] achieves loss-optimum operation of the non-isolated 3-
® boost-buck (Bb) voltage DC-link EV charger (see Fig. 1)
over the full output voltage range. Then, a new synergetic
control concept is introduced in Section III, which ensures
seamless transitions between different loss-optimum operating
modes (at different output voltage levels) while closed-loop-
controlling the LF CM ground current to near zero. Section IV
presents a comprehensive experimental verification of the
novel modulation and control concept using a 10 kW hardware
demonstrator, and, considering a wide output voltage and
power range, demonstrates LF CM leakage currents below
7mA rms for a direct connection of the output midpoint to PE,
i.e., well below typical RCD trip levels of 30 mA. Similarly,
employing the human-body impedance model according to
UL 2202 results in test voltages below 120mV, i.e., well
below the most strict limit of 250 mV given in the standard.
Finally, Section V concludes this paper.

II. OPERATING PRINCIPLE

This section focuses on the operating principle of the ana-
lyzed non-isolated 3-® Bb voltage DC-link EV charger shown
in Fig. 1, considering a 400 V rms line-to-line mains with near-
unity power factor, and a wide output voltage range of 200 V
to 800 V. Targeting non-isolated EV charger applications that
require RCDs at the AC input to ensure electrical safety, zero-
LF-CM PWM schemes must be applied to enable a direct low-
impedance connection between the DC-link midpoint m and
protective earth (PE). Then, the ground current ignp can be
measured and actively regulated to near zero (see Section III),
avoiding the nuisance tripping of the RCDs. Further, the
loss-optimal operation of the two-stage system requires that
both the VSR-stage and the DC/DC-stage operate with the
minimum possible DC-link voltage and with the minimum
number of HF-switching half-bridges (HBs), i.e., three out of
five HBs?, which ensures minimum overall switching losses.

Both aims are achieved by combining the 3/3-PWM-ZCM
and the proposed 1/3-PWM-ZCM, which can be derived from
very generic voltage transfer limitations of the VSR-stage and
the DC/DC-stage. The limits for the VSR-stage have been
derived based on Kirchhoff’s Voltage Law in [44], where
equal upper and lower DC-link voltages, i.e., Vpcp = Vpcn =

3Note, first, that each of the VSR-stage’s 3-L bridge-legs effectively consist
of two HBs each; however, only one out of the two is active at any given time,
depending on the polarity of the switch-node voltage reference to be generated.
Therefore, a total of five HBs (three VSR-stage and two DC/DC-stage HBs)
could be HF-switching in total, but as only three degrees of freedom must be
controlled, i.e., two mains currents for PFC operation with a desired power
flow and the ground current (or the third mains current) for electrical safety,
only a minimum of three HBs must operate with HF switching.
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Fig. 3: Circuit states of the non-isolated 3-® Bb voltage DC-link EV charger shown in Fig. 1 during the highlighted part of the mains period, when
operating with (a) 3/3-PWM-ZCM and (b) 1/3-PWM-ZCM: dashed lines indicates a HF-switching transistor whereas solid lines indicate permanently turned-
on transistors. Simulated key waveforms include the phase-b switched voltage of the VSR-stage, v}, which indicates the VSR-stage modulation method (with
1/3-PWM-ZCM, vy, shows HF switching for only one third of a mains period, because the DC/DC-stage shapes the DC-link voltages to follow the minimum
and maximum phase voltage, respectively). The switched output voltages, vqo and vy, indicate the HF-switching or the clamping states of the DC/DC-stage
HBs. Note that the DC-link and the output voltages are, in general, asymmetric, i.e., Vpcp # Vbca and Voup # Vourn for both ZCM modulation methods,

whereas the total output voltage Vou = Voutp + Vourn is always constant.

Vbc/2, have been assumed; breaking this equality restriction
yields

—Vbean = Vo < sk +vem < Voo = Ve, (D

where s € {a,b,c} and ¥y is the local average (over one
switching period) DM voltage at the VSR-stage switching
node with reference to the artificial neutral point k. This
requirement must be fulfilled by all three phases, respectively,
and the total DC-link voltage is Vpc = Vpcp + Vpen. Note
that vy = 0 should be achieved such that the artificial neutral
point k& (equivalent to PE under 3-® symmetric mains) is at a
potential close to the output midpoint m. This, then, allows a

low impedance connection between PE and m such that the
GCC can be applied to ensure a zero LF CM ground current as
needed by non-isolated EV chargers [17], [35]. Furthermore,
the DC/DC-stage is limited to buck-type (step-down) behavior
for the upper and lower HBs, i.e.,

V:)ut,p = 'qu < VDC,p and ‘/out,n = Uor < VDC,n' (2)

The requirements in (1) and (2) must be met simultaneously to
ensure a constant power delivery, i.e., to draw 3-® sinusoidal
mains currents and to generate a constant DC output voltage.
Combining the constraints for the VSR-stage and the DC/DC-
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TABLE I: Specifications and key components of the realized non-isolated
3-® Bb voltage DC-link EV charger in Fig. 1.

Description Value
Vi Rms phase voltage 230V
Vout DC output voltage range 200V ~ 800V
Pout Rated output power 10 kW
Toumax  Output current limit 25 A (Vour < 400V)
Tysg VSR-stage semicond. Tp,;;; C3M0016120K, 1200V, 16 mS2
VSR-stage semicond. Tyryy;  C3M0030090K, 900V, 30 mS2
fvsr VSR-stage sw. freq. 100 kHz
Tpepe DC/DC-stage semicond. C3M0010090K, 900V, 10 m$2
focpe DC/DC-stage sw. freq. 200 kHz
Chc DC-link cap. 2x6.6 uF
Cout Output cap. 2x65uF
Lomi  Main input DM ind. 3x194pH
’ (2xKoolMu60 E43/17, 25 turns)
Lemy  Main input CM ind. 4.6mH
’ (2xVAC 45/30/15, 12 turns)
L Output DM ind. 296
out P (3xN87 E47/20/16, 12 turns)
Cbm.1 1st EMI DM capacitor 3x3uF
Cemi 1st EMI CM capacitor 40 nF
Lpmz  2nd EMI DM inductor 3x15uH, WE 7443641500
Cpmz  2nd EMI DM capacitor 3x6uF
Lemo 2nd EMI CM inductor 870 uH, VAC 25/16/10, 8 turns
Ccmz2  2nd EMI CM capacitor 18 nF
Lpms  3rd EMI DM inductor 3x4.7uH, WE 7443640470
Lcvs  3rd EMI DM inductor 870 uH, VAC 25/16/10, 8 turns

stage leads to

max (Umax Vout,p) < Vpcp and 3)
max(—Vmin, Vourn) < Ve, (4)

where Um,x = max(Osk) and vpy;, = min(gk) are the maxi-
mum and the minimum local average DM voltages at the VSR-
stage switching node, respectively. Importantly, to minimize
the number of HF-switching HBs and hence the switching
losses, the equalities in (3) and (4) are preferably met at any
time regardless of the output voltage. This then directly results
in the proposed different operating modes and PWM schemes
of the VSR-stage for different parts of the wide output voltage
range, as described in the following.

Specifically, two main modulation schemes, i.e., 3/3-PWM-
ZCM and 1/3-PWM-ZCM (see Fig. 3), cover the wide output
voltage range, which is divided into three operating modes,
i.e., boost-, buck-, and transition-mode. Note that with ZCM
modulation schemes, the DC-link capacitor voltages, Vpc, and
Vb, and the output capacitor voltages, Voup and Voyn, are
not constant but time-varying (note that the constant value
of the output terminal voltage Vo = Voup + Vourn s still
maintained). Furthermore, the amplitudes of these voltage
variations depend on the output power, the DC-link capaci-
tance, and the output capacitance. As a result, the dividing
lines between different modes also depend on these factors;
for the rest of this paper, therefore, the specifications and
the component values (see Tab. I) of the realized hardware
prototype are considered.

A. Boost-Mode and 3/3-PWM-ZCM (Vyy > 670V)

In cases where the output voltages are high enough such
that

Umax S %ut,p = VDC,p and (5)
~Umin < Voutn = Ve, (6)

the converter operates in the boost-mode (see Fig. 3a): the
VSR-stage uses 3/3-PWM-ZCM, where all three bridge-legs of
the VSR-stage operate with HF PWM to ensure 3-® sinusoidal
mains currents and step up the 3-® mains voltages to the
higher DC output voltage, i.e., Vpc = Vou. The two HBs of
the DC/DC-stage are both clamped, i.e., the switches Tpc pp
and Tpcpy of the DC/DC-stage are permanently on and do not
contribute to switching losses.

Fig. 3a also presents the simulated characteristic waveforms
in the boost-mode operation, where each of the VSR-stage’s
three bridge-legs (phase b is shown in the figure as an example)
operates with HF switching over the entire mains period, but
both DC/DC-stage HBs are permanently clamped. However,
an LF current Ipcp, with a rms value of 6 A flowing between
the DC-link midpoint o and the output midpoint m is observed.
Ipcm closes its path through the upper and lower DC/DC-
stage inductors, and thus LF variations occur in the Ipcp
and Ipc, as well. However, this contributes to additional
conduction losses of the DC/DC-stage to a limited extent
only (see detailed analysis in Section I'V-C). Similarly, an LF
(150 Hz) variation of the DC-link capacitor voltages, Vpc, and
Vbc,a, and of the output capacitor voltages, Voup and Vougn,
can be observed. This variation must be taken into account
regarding the blocking voltage rating of the transistors, but
can be lowered by increasing the capacitance values.

Most importantly, the DC output midpoint does not exhibit
any CM voltage (ve,, = 0). Nevertheless, the LF variation
of the output capacitor voltages still could drive a current
through the parasitic capacitances Cppcy and Cppc. to the
EV chassis (see Fig. 1). While the majority of this current
closes its path through the local DC-link midpoint due to
relatively low impedance, a small portion of the current might
find its way through PE and 3-® mains terminals, potentially
tripping the RCD. Therefore, closed-loop control of the ground
current as introduced below in Section III is needed to reliably
prevent nuisance tripping of the RCD (see also Section IV-A
for further discussion). Finally, it’s worth noting that 3-®
sinusoidal currents and constant DC output voltage V, are
generated regardless of the asymmetry of the two DC-link
voltages.

B. Buck-Mode and Proposed 1/3-PWM-ZCM (Vyuy < 430V)

In cases where the output voltages are low such that

‘/oul,p < Umax = VDC,p and (7
V;)ut,n < —Unmin = VDC,na ¥

the converter operates in the buck-mode (see Fig. 3b): For such
low output voltages, the DC/DC-stage must operate to step
down the upper/lower DC-link voltages to the corresponding
required upper/lower output voltages. Advantageously, the
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Transition-Mode

t - time (ms)

Fig. 4: Simulated key waveforms of the non-isolated 3-® Bb voltage DC-
link EV charger shown in Fig. 1 when operating in the transition-mode. One
60°-sector of one mains period (vy > v, > vc) is highlighted with a shaded
background; note that the converter operates with 1/3-PWM-ZCM in a part of
this sector (where the DC/DC-stage’s upper HB is HF-switching, delineated
by the dashed orange lines) and with 3/3-PWM-ZCM otherwise.

DC/DC-stage shapes the total DC-link voltage Vpc to follow
the six-pulse shape of the envelope of the 3-® line-to-line
mains voltage absolute values to facilitate 1/3-PWM operation
of the VSR-stage.

Different from the conventional 1/3-PWM-CONV from
[43], [44], however, the upper and lower DC-link voltages
are shaped individually: The upper (lower) DC/DC-stage HB
regulates the upper (lower) DC-link voltage to vy (—VUmin) to
achieve 1/3-PWM operation of the VSR-stage without any CM
injection. Then, the VSR-stage uses 1/3-PWM-ZCM, where
at any given point in time, only one of the VSR-stage’s three
bridge-legs operates with HF PWM such that a considerable
switching loss reduction is achieved. This results again (as
for 3/3-PWM-ZCM discussed above) in an LF current Ipcp,
that flows through the output capacitors and the DC/DC-stage
inductors and also in LF variations of the output capacitor
voltages, but nevertheless a constant DC output voltage Vo
is achieved.

C. Transition-Mode (430 V < Vo < 670V)

The 3-® mains voltages, Umax and vmin, and the output
capacitor voltages, Voup and Voun, are time-varying over one
mains period (see Fig. 3). Thus, it is possible that vy, and
Voup are alternatively equal to the upper DC-link voltage
Vbc,p during one mains period according to (3). The same
situation occurs for the lower half of the system: —vn;, and
Voutn are alternatively equal to the lower DC-link voltage Vpc
during one mains period according to (4). To facilitate the

explanation, one 3-® mains 60°-sector where vy, > v, > v, 18
highlighted (shaded area) in Fig. 4, which shows simulated key
waveforms: During the time interval between the two dashed
lines, Vpcp = Umax = Vourp such that the VSR-stage’s phase-b
bridge-leg is clamped to the positive DC-rail and the upper
DC/DC-stage HB operates with HF-switching to step down
the upper DC-link voltage Vpcp to the uper output voltage
Voul,p'

However, different from the buck-mode, the lower DC/DC-
stage HB does not operate with HF-switching but actually is
clamped since Vpcn = Vourn = —¥Umin. Thus, in total, two of
the VSR-stage’s bridge-legs and one of the DC/DC-stage’s
two HBs are switching, i.e., three HB’s in total, such that the
minimum number of HF-switching HBs is still guaranteed.
During the rest of the time in this sector, the converter operates
like in the boost-mode where both upper and lower DC/DC-
stage HBs are clamped and the VSR-stage operates with 3/3-
PWM-ZCM, i.e., again with a total of three HF-switching
HBs. Note that the phase shift between vy and vy, leads
to a phase-shifted activation of the DC/DC-stage HBs, but the
60°-sector symmetry over one mains period is still maintained
such that the analysis of a single sector remains representative.

Thus, the transition mode fills the gap between the buck
mode and the boost mode, such that loss-optimum ZCM
modulation schemes exist for the entire wide output voltage
range.

III. SYNERGETIC CONTROL STRATEGY

The proposed synergetic control strategy shown in Fig. §
is based on the conventional synergetic control method from
[44] but includes the proposed ground current control (GCC),
i.e., ensures a synergetic/collaborative operation of the VSR-
stage and the two DC/DC-stage HBs such that the non-isolated
EV charger operates in the loss-optimum mode with zero CM
injection for any operating point. Furthermore, automatic and
seamless transitions between the operating modes, i.e., boost
or buck operation in case of changing operating points, are
guaranteed. The control system is explained in detail in the
following subsections. Furthermore, the controller design is
provided in Appendix A, and the proposed control strategy
can also cope with irregular mains conditions, as is briefly
discussed in the Appendix B.

A. Output Voltage Control & Mains Current Control

The output voltage regulation loop tracks the reference V;,

by supplying the required power reference P, and, equiva-
lently, the VSR-stage’s input conductance reference G*. The
3-® mains current references ¢}, ¢, and {7, are proportional
to the measured 3-® input voltages v,, vy, and v., ensuring
purely ohmic mains behavior.

The mains current errors, resulting from the difference
between the references and the measured 3-® boost inductor
currents, are fed into the mains current controller to derive
the required 3-® boost inductor voltages vf,, vfy, and vf,

required for impressing the desired phase currents.
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Fig. 5: Proposed control block diagram for the non-isolated 3-® Bb voltage DC-link EV charger shown in Fig. 1. It is based on the synergetic control concept
from [44] but, in addition, newly-implemented blocks for the proposed zero-LF-CM modulation schemes (3/3-PWM-ZCM and proposed 1/3-PWM-ZCM)
and closed-loop ground current control (GCC) are highlighted in red. The functionality and the interaction of the individual control blocks are described in

Section III. Note that all quantities refer to local average values here.

B. Ground Current Control (GCC)

A direct feedback control of the LF CM ground current is
the most reliable way to prevent nuisance tripping of RCDs
[17]. Such a ground current control of the 3-® 3-L T-type
rectifier using 3/3-PWM-ZCM has been proposed in [35],
where a CM control voltage is injected to regulate the ground
current ignp (see Fig. 1). It has also been proven that DM
and CM components can be independently regulated, i.e.,
regulating the ground current (a CM quantity) has a negligible
impact on the generation of the 3-® sinusoidal mains currents
and the DC output voltage (DM quantities). Considering 1/3-
PWM-ZCM and 3/3-PWM-ZCM are only different in the DM
behavior, both have no CM injection. Thus, a similar ground
current control strategy can be applied in the analyzed 3-®
non-isolated EV charger to achieve near-zero ground current
for both 1/3-PWM-ZCM and 3/3-PWM-ZCM.

Therefore, the sum of the 3-® mains phase currents, i.e.,
iGND = f%a + @b + % as shown in Fig. 1, is measured (the
same measurement method is implemented in RCDs), and
then compared to the ground current reference gy, with
i&np = O A in most cases, to calculate the ground current error.
The error is forwarded into the ground current controller to
derive the required LF CM correction voltage v¢y. For the
sake of brevity, the PI controller tuning, based on [35], is not
further detailed here.

C. VSR-Stage PWM

Subtracting the calculated inductor voltage references vy,
v}, and vf, from the measured 3-® input voltages (mains
voltage feedforward) results in the DM components of the
VSR-stage’s switch-node voltages. Then, the LF CM voltage
reference vy, obtained from the GCC is added to obtain
the 3-® VSR-stage voltage references vy, vg:, and v}.. These
voltage references and the corresponding upper and lower DC-

link voltage references Vi, and V5., (see Section III-D
below) then define the 3-® duty cycles, e.g., considering phase
a, as:

LY. *
vay/VD(‘.n 'Uaa S O

d*
v Ve, U3 >0

a

9

Furthermore, it is important to highlight that due to asymmet-
ric DC-link capacitor voltages, either the upper or the lower
DC-link capacitor voltage is assigned to calculate the duty
cycles according to the polarity of the phase voltage reference.

D. Upper/Lower DC-Link Voltage Control

The selection of appropriate upper and lower DC-link volt-
age references Vi, and V¢, is at the core of the proposed
synergetic control structure with zero LF CM voltage injection
and GCC, and vital to achieving seamless and automatic tran-
sitions between the different operating modes and modulation
schemes. Based on (3) and (4), the two voltage references are
defined as

*
max,abs
*

min,abs

= max(v Vourp) and (10)

Voutn)- (1)

This ensures that two HBs out of five are always clamped with-
out generating switching losses, i.e., loss-optimal operation.
Both DC-link voltages are closed-loop-controlled by compar-
ing their references with the measured DC-link voltages Vpc
and Vpc . The deviations are processed by two PI controllers
that then define the required DC-link capacitor currents, iaDCp
and i¢ pc,, needed to counteract the control error. The LF input
current references, i; and ¢, of the two DC/DC-stage HBs
further include the feedforwarded currents, i; and ¢;, flowing
through the VSR-stage’s upper/lower DC rails, which can be
calculated with the information of the measured 3-® boost
inductor currents and the calculated 3-® duty cycles. Thus,

*
VDC,p
*
VDC,n

max (v
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Fig. 6: Photo of the realized non-isolated 3-® Bb voltage DC-link EV charger
hardware demonstrator (see Fig. 1 for the schematics and Tab. I for key
components). Necessary modifications are conducted on the existing converter
built in [44], i.e., two new output DM inductors are used in two stacked buck-
type DC/DC-stages to replace the previous output DM and CM inductors. This
leads to an additional volume of 65cm? and results in a power density of
5.2kW /L (86 W /in®). Operating from the 400 V 3-® mains and employing
1200V SiC (CSR-stage) and 900V SiC (DC/DC-stage) MOSFETS, a wide
output voltage range of 200V — 800V is covered.

the power references Ppc, and Ppc, of these two HBs can
be obtained, from which the two DC/DC-stage buck-inductor
current references Ip , and I , follow by dividing with the
two output capacitor voltages Voup and Voyen.

pep and Iic, are compared with the measured values to
determine the respective required inductor voltages vy pc, and
vf pcp- The sum of these inductor voltages and the respective
output capacitor voltage (output voltage feedforward) leads to
the output voltage references vy, and vg, of the two DC/DC-
stage HBs. Then, the two duty cycles are given by

* *
v, v + Vi
o L,DC out,p
dy = —— = i , and (12)
vmax,abs Umax,abs
* *
P — Uor _ vL,DCn + ‘/out,n (13)
n — v* - v* .
min,abs min,abs

For the boost-mode operation where Voup > Umaxabs and
Voutn > Umin,abss d; and d are always saturated to the full duty
cycles, i.e., the switches Tpcpp and Tpc pn of the DC/DC-stage
are permanently on, considering comparably small inductor
voltages vf pc, and vf pc,. For the AC/DC-stage, the 3-®
duty cycles calculated using (9) are always smaller than 1
as Vgc’p > Umaxabs and VD*c,n > Umin.abs, and thus, the AC/DC-
stage automatically operates with 3/3-PWM-ZCM.

On the other hand, for the buck-mode operation where
Vout,p < Umax,abs a0d Vouen < Uminavs, the two DC/DC-stage
HBs regulate the upper and lower DC-link voltages, and
indirectly control the 3-® input currents. For the AC/DC-
stage whose duty cycles are derived from (9), the phase
with the maximum phase voltage is automatically clamped
to the positive rail as VD*C,p = Umaxabs and the phase with
the minimum phase voltage is clamped to the negative rail
as Vﬁkc,n = Uminabs- LThus, two out of the 3-® duty cycles are
equal to 1 when operating with 1/3-PWM-ZCM.

Therefore, importantly, seamless transitions between dif-
ferent loss-optimal operating modes and modulation schemes
are inherently achieved using the five half-bridge duty cycles
calculated in (9) and (12).

IV. HARDWARE AND EXPERIMENTAL VERIFICATION

The proposed 1/3-PWM-ZCM and the synergetic GCC
have been verified using a 10kW hardware demonstrator
(see Fig. 6) of the non-isolated 3-® Bb voltage DC-link
EV charger system from Fig. 1 and Tab. I summarizes
the key specifications and components. The advanced control
strategy is executed on a Zynq 7000 SoC featuring a dual-
core ARM Cortex-A9 processor integrated with a 100 MHz
programmable logic fabric.

A. Experimental Waveforms

Fig. 7 shows measured key waveforms of the 10kW
hardware demonstrator, i.e., phase a voltage v,, phase a current
1y, DC-link voltage Vpc, and output voltage Vi, to verify
the basic converter functionalities. Furthermore, the switched
voltage of phase a, vy, clearly differentiates the HF-switching
or clamping states of the corresponding VSR-stage bridge-leg.
Likewise, the switched voltage of the DC/DC-stage’s upper
HB, vqo, indicates the HF-switching and clamping intervals.

Fig. 7a presents the buck-mode operation with Vg, = 200 V
and P,y = HkW. The upper DC/DC-stage HB regulates
the upper DC-link voltage Vpcp to the required three-pulse
shape, i.e., the upper envelope of the 3-® mains voltages®;
likewise, the lower DC/DC-stage HB regulates the lower DC-
link voltage Vpc, to the three-pulse shape given by the
amplitude of the lower envelope of the 3-® mains. Thus, the
total DC-link voltage V¢ follows the six-pulse shape, i.e., the
envelope of the line-to-line voltage absolute values, required
to achieve 1/3-PWM-ZCM operation (see vyy) of the VSR-
stage, i.e., each bridge-leg switches during only one third of
the mains period, and without generating an LF CM voltage.
Fig. 7c shows the boost-mode operation with Vo, = 800V
and P, = 10kW, where all three bridge-legs of the VSR-
stage switch continuously at HF and the DC/DC-stage clamps,
i.e., Tpcpp and Tpcp, are permanently on. Fig. 7b presents
the transition-mode operation with Vo, = 600V and Py =
10kW. In all cases, the waveforms are in excellent agreement
with the simulation results from Fig. 3 and Fig. 4, respectively.

The proposed synergetic control strategy is further verified
in Fig. 8, where automatic and smooth transitions between dif-
ferent operating modes are achieved when the output voltage
reference increases from 300V to 700 V. Note that stepping
from the buck-mode operation to the boost-mode operation,
the HF-switching interval of the VSR-stage phase bridge-leg
is gradually extended and the HF-switching interval of the
DC/DC-stage HB is shortened until fully clamped in the boost-
mode operation. Further, GCC maintains the ground current
at essentially zero during the transition.

Note that the DC output voltages Voup and Voyen, i.€., the
voltages of the battery terminals DC+ and DC- with respect
to the chassis (see Fig. 1) show LF (mainly 150 Hz) voltage
variations (see Fig. 7). These drive ground (leakage) currents
through the parasitic capacitances Cp, pc+ and Cp pc., which are

4Note that assuming small voltage drops over the 3-® filter inductors (e.g.,
Lpwm,1), the mains voltages equal to the local average (over one switching
period) switch-node voltages. Thus, in the buck-mode operation, the upper
DC-link voltage follows the upper envelope of the 3-® mains voltages.
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Fig. 7: Experimental waveforms of the converter shown in Fig. 1 with the proposed synergetic control strategy (see Fig. 5) when operating in (a) buck-mode,
(b) transition-mode and (c) boost-mode in the TN system (Rg = Ry = 02 in Fig. 1). In the buck-mode operation, the upper DC/DC-stage regulates
the upper DC-link voltage Vpcp to the three-pulse shape (the upper envelope of the 3-® mains voltage) to facilitate 1/3-PWM-ZCM of the VSR-stage
where only one phase (the phase with minimum voltage amplitude) is HF-switching at any given time (see the switched voltage vy, of phase a). In the
boost-mode, 3/3-PWM-ZCM is applied in the VSR-stage while the DC/DC-stage is clamped (Tpc np and Tpcpy are permanently on to avoid switching losses
and Vpcp = Vourp). In the transition-mode, loss-optimal operation is still guaranteed, i.e., only three HBs are switching at any given time. In all three modes,
GCC ensures essentially zero LF CM ground current (ignp & 0 A). Note that even though asymmetries are observed in two output capacitor voltages, e.g.,
Voup # Vom/2, the total output voltage Vo is constant.
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Fig. 8: Experimental waveforms of the converter shown in Fig. 1 operating with a constant resistive load of 49 (2 and a linearly increasing output voltage
Vour = 300V ~ 700V. The proposed control structure from Fig. 5 ensures an automatic and seamless transition from the buck-mode via the transition-
mode to the boost-mode. Note the different shapes of the DC-link voltage Vpc corresponding to the different modulation schemes, i.e., in 3/3-PWM-ZCM,
Vbcp = Vourp whereas in 1/3-PWM-ZCM, Vpcp = Umax = Max(vyo, Vp'os Vyo)-

typically dominated by the battery pack and are thus relatively However, as the chassis is not only connected to the DC-

large (up to several uF [12]), to the EV chassis. This could pos-
sibly lead to disturbances of other electronic components since
the EV chassis as the common electric ground becomes noisy
[9], [11], but can be addressed by engineering techniques, e.g.,
single-point ground referencing. Furthermore, these parasitic
currents can be decreased by increasing the output capacitance
Cout, €.g., considering the operating point at 400 V and 10 kW
and assuming Cppcy = Chpc. = HuF, the parasitic current
is 210mA rms if Cy, = 65 puF but reduces to 95 mA rms if
Cout = 300 uF would be used.

link midpoint m but also to PE (see Fig. 1), a certain share
of the leakage currents through Cypcy and Cppe. could also
contribute to the ground current ignp. Thus, the GCC monitors
ignp at the three-phase mains terminals and uses the VSR-
stage to inject CM voltages, resulting in compensating currents
to regulate ignp to essentially zero. This strategy can reliably
prevent nuisance trips of the RCD.
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Fig. 9: (a) Ground current ignp measured with a leakage current clamp meter
Fluke 368 FC [48] and (b) body voltage Viody for operation with different
output voltages from 200V to 800V and various power levels from 25 %
to 100 % of rated load, which covers the buck-, transition-, and boost-mode.
For both grid grounding schemes (TT and TN), the measured ground current
remains far below typical RCD trip levels of 30 mA. In (b), the body voltage
Vbody Obtained by processing the measured touch voltage Viguen (see also
Fig. 1) with the transfer function of the human body impedance network
according to UL 2202 [49]. The highest measured body voltages of around
120 mV are well below the safe level of 250 mV defined in UL 2202 [49].

B. Ground Current and Touch Current Measurement

Fig. 9a shows the measured ground current ignp at different
output voltage and power levels for different operating modes.
Considering that ignp features an amplitude in the range of
several milliamperes only, a special leakage current clamp
meter Fluke 368 FC, specifically designed for RCD testing,
is used to accurately measure ignp’. Note that igap occurring
when connected to a TN system (Rg = Ry = 0(2 in Fig. 1)
is always larger than ignp resulting for a connection to a TT
system (Rg = 1000, Ry = 10Q2) due to the latter’s higher
grounding impedance. However, all measured values are far
below the typical RCD trip levels of 30 mA [49], [50].

The standards (UL 2202, IEC 61851) also require a so-
called touch current test, where an impedance network mod-
eling the frequency-dependent impedance of the human body
is connected between the local EV PE (e.g., the chassis, at the
same potential as the DC output midpoint m) and true earth,
i.e., across the grounding impedance Rg in Fig. 1, to evaluate
potential electric shocks to humans [11]. The TN system’s
dedicated PE conductor (Rg =~ 0) prevents any significant
voltage between the chassis and true ground (i.e., Vioyen = 0)
even for non-zero ground current so that the TN system is not
considered regarding the touch current tests. Differently, in
the TT system, the ground current flowing through R creates
a potential difference that could be hazardous regarding end-
user safety. Fig. 9b presents the body voltage Vpqy obtained
by post-processing the voltage Viouen With the body model
impedance networks’ transfer function; Vigun 1S measured

5The leakage current clamp meter performs a true-rms measurement with
0.01 mA resolution, considering a frequency range of 40 Hz to 1 kHz [48].

across the explicit resistor Rg used to realize a TT grounding
system (see Fig. 1) for various operating points. The highest
resulting Viyogy < 120mV is well below the most stringent
limit of 250 mV defined by UL 2202 [49].

C. Efficiency Measurement

The efficiency of the 10kW non-isolated EV charger
demonstrator is measured (Yokogawa WT3000) over the com-
plete wide output voltage (from 200 to 800V) and output
power (from full load down to 25 % load) ranges. Fig. 10a
shows the measured efficiency results in dependence of the
output voltage and the load, where in addition, the operating
points at which the efficiency measurements have been taken
are indicated (linear interpolation is used in-between). Fig. 10b
shows efficiency versus output voltage at rated power or rated
output current (for low output voltages below 400V). The
measured efficiencies at most operating points are above 97 %,
and at rated power (or current) are above (or around) 98 %.
Furthermore, Fig. 10b includes estimated efficiencies of an
isolated EV charger. These estimates assume an additional
high-efficiency (99 % at every output voltage when deliver-
ing rated power) galvanic isolation stage cascaded with the
existing high-performance PFC rectifier built in [44]. Despite
this, the realized non-isolated EV charger demonstrator still
exhibits relatively high operating efficiencies.

Note that the demonstrator employed here is a modified
version of the system presented in [44], which features a 3-L
DC/DC-stage that is not compatible with grounding the output
midpoint and GCC. Compared to the 1/3-PWM-CONYV, the
proposed 1/3-PWM-ZCM allows zero CM injection and thus
facilitates non-isolated EV charger applications, importantly,
without significant increase of current or voltage stress on
the semiconductors. Furthermore, as the total DC-link voltage
is the same in both cases when supplying a certain output
voltage, the switching losses increase caused by the voltage
asymmetry, i.e., an LF 150 Hz voltage variation, between
upper Vpcp and lower Vpc,, DC-link voltage is limited [17].
However, compared to [44], a modification is necessary at the
DC/DC-stage to enable an independent voltage regulation of
the upper and lower DC-link voltages: The direct connection
of the DC-link midpoint and the output midpoint results in two
stacked 2-L instead of an integrated 3-L buck converter, and
this requires two larger (96 uH instead of 34 uH) DM induc-
tors. Hence, whereas perfectly suitable for experimentally ver-
ifying 1/3-PWM-ZCM, synergetic GCC, and resulting residual
LF CM ground current levels, the employed demonstrator is
not fully optimized regarding efficiency. Improved efficiency
could be achieved with a new hardware design that takes into
account non-isolated operation and, in particular, 1/3-PWM-
ZCM and 3/3-PWM-ZCM.

V. CONCLUSION

Targeting non-isolated EV charging applications, this paper
analyzes a synergetically-controlled three-phase (3-®) Boost-
buck (Bb) voltage DC-link PFC rectifier that consists of a
3-® three-level (3-L) T-type (Vienna) VSR-stage cascaded
by two vertically-stacked 2-L buck-type DC/DC-stages. To
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Fig. 10: Measured (Yokogawa WT3000) efficiencies of the realized 10 kW non-isolated EV charger using the proposed zero-CM loss-optimal modulation
schemes (1/3-PWM-ZCM in the buck-mode and 3/3-PWM-ZCM in the boost-mode), i.e., (a) efficiencies with different output voltages from 200V to 800 V/
and various power levels from 25 % to 100 % of rated load and (b) efficiency versus output voltage Vo at rated power (or rated output current below 400 V).
Note that estimated efficiencies of an isolated EV charger are also provided in (b), assuming an additional high-efficiency (99 % at every output voltage when
delivering rated power) galvanic isolation stage is cascaded with the existing PFC rectifier in [44]. Also, note that improved efficiency could be achieved with
a new hardware design specifically for non-isolated operation rather than modifying existing hardware.

mitigate LF CM ground leakage currents, the wide output
voltage range of 200V to 800V is covered by two zero
CM (ZCM) PWM modulation schemes, i.e., 3/3-PWM-ZCM
for boost-mode operation and the newly proposed 1/3-PMW-
ZCM for buck-mode operation. Combining the two ZCM
PWM schemes further achieves loss-optimal operation for any
output voltage with always only three (out of five) half-bridges
(HBs) actively switching (i.e., operating with PWM) and using
the minimum possible DC-link voltage, i.e., resulting in the
minimum possible switching losses. Furthermore, a closed-
loop ground current control (GCC) is proposed to effectively
suppress the LF CM current (i.e., measured as the sum of the
three mains phase currents) to near zero and thus to reliably
prevent the nuisance tripping of mandatory RCDs. The pro-
posed loss-optimal operation with GCC is then experimentally
verified using a 10kW hardware demonstrator considering
TT and TN mains grounding systems. All measured ground
currents are below 7mA rms and thus far below the typical
RCD trip levels of 30 mA. Similarly, considering the touch
current test defined in UL 2202 and the corresponding human-
body impedance network, the resulting body voltages are
below 120mV, i.e., far below the standard’s most stringent
limit of 250mV. Even though this hardware demonstrator
is modified from an existing setup and hence not a design
optimized considering operation as a non-isolated EV charger,
the measured efficiencies at rated power (or rated output
current for lower output voltages) are around 98% with a peak
of 98.2%.

APPENDIX A - CONTROLLER DESIGN

The individual controllers of the proposed synergetic control
concept from Fig. 5 are designed from the innermost controller
of the DC/DC-stage buck-inductor current Ipcp and Ipcp
towards the outermost controller of the output voltage Vo, with
a reduced corner frequency. The inner loop is always designed
to be at least three times faster than the immediate outer
one. Note that for the DC/DC-stage buck-inductor current
regulator, a single P controller is implemented to avoid a
runaway if clamping the DC/DC-stage (a PI controller with
an anti-windup functionality is also feasible [44]).

The main synergetic cascaded controllers (including output
voltage, mains current, and DC-link voltage controllers) only

TABLE 1II: Implemented controller parameters of the realized non-isolated
3-® Bb voltage DC-link EV charger.

Output voltage ];”: fsi‘?ler frequency é~8
Input current ];”f f(a;irllier frequency 32585
DC-link voltage I;{) fﬁirrller frequency (7)518
Buck inductor current k, gain 2.5
Ground current l;‘f fzirlrller frequency 22655

affect the DM behavior of the converter at the mains interface,
but do not have controllability on the ground current (CM
quantity). Thus, the controller corner frequencies between the
synergetic DM cascaded controllers and the ground current
controller are decoupled. Furthermore, the system modeling
and the PI controller tuning for the GCC are conducted based
on [35] and are not detailed here for the sake of brevity. Tab. II
shows the final implemented controller parameters in the form
of

G(s)_kp-(uzwfcé).

APPENDIX B - OPERATION UNDER IRREGULAR MAINS
CONDITIONS

This Appendix analyzes and verifies the resilient operation
of the proposed GCC for the non-isolated 3-® Bb voltage
DC-link EV charger (see Fig. 1) under two representative
irregular mains conditions considering the TN grounding sys-
tem (the worst case for ground currents), e.g., asymmetric
mains voltage amplitudes (£10%) [50] and mains voltages
with low-frequency harmonic distortions [51]. Loss-optimal
operation enabled by the proposed 1/3-PWM-ZCM is still
maintained, i.e., both the VSR-stage and the DC/DC-stage
operate with the minimum possible DC-link voltage and with
the minimum number (three out of five) of HF-switching HBs.
Even though a slight increase is observed compared to ideal
mains conditions, the simulated ground current within the
considered frequency range of 40Hz to 1kHz remains far
below typical RCD trip levels of 30 mA for both cases.

Authorized licensed use limited to: ETH BIBLIOTHEK ZURICH. Downloaded on June 11,2024 at 12:00:19 UTC from IEEE Xplore. Restrictions apply.

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Transportation Electrification. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TTE.2024.3407373

1200 . , ,
>

~ 800F v v ]
g)D DC out

£ 400 =X T
LSS IS
=~ -400 ! T .

I - current (A)

\>/ 300 F Voo / outp 1
[}
179
= (1] R SRR SRR
E
T -300 /v\/‘?\/\/\/\/\
> -600 ot | |
. 200 | :
< RMS < 1kHz: 13.4mA
& 100 Flonn 1
g
—
g -100F ]
~ 200 i ‘ ‘

0 10 20 30 40

t - time (ms)

Fig. 11: Simulated key waveforms of the non-isolated 3-& Bb voltage DC-
link EV charger shown in Fig. 1 operating in buck-mode with 1/3-PWM-ZCM
(buck-mode) under asymmetric 3-® mains voltage amplitudes, i.e., +10% in
phase a and —10% in phase ¢ [50], to supply a 400V, 10kW load. The
phase-b switched voltage of the VSR-stage, vy,, confirms 1/3-PWM of the
VSR-stage, whereas the switched output voltages, vgo and vy, indicate the
HF-switching of both DC/DC-stage HBs. The simulated ground current within
the considered frequency range of 40 Hz to 1 kHz remains far below typical
RCD trip levels of 30 mA.

Specifically, Fig. 11 verifies the resilient operation of the
non-isolated 3-® Bb voltage DC-link EV charger under asym-
metric 3-® mains voltages, i.e., voltage amplitudes +10% in
phase @ and —10% in phase ¢ [50]. In the buck-mode operation
with an output voltage of 400V, the upper and lower DC-link
voltages are shaped individually by the DC/DC-stage such
that the upper (lower) DC-link voltage follow vmax (—¥Umin)
to achieve the 1/3-PWM operation of the VSR-stage without
any LF CM injection, and, at any given point in time, only
one of the VSR-stage’s three bridge-legs operates with HF
PWM such that a considerable switching loss reduction is
achieved. Similar results are observed in Fig. 12, which shows
the operation of the proposed GCC when several voltage
harmonics, e.g., 12% of 5th, 10% of 7th, and 7% of 11th,
are added on top of the 3-® sinusoidal mains voltages [51].
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Fig. 12: Simulated key waveforms of the non-isolated 3-® Bb voltage DC-
link EV charger shown in Fig. 1 operating with 1/3-PWM-ZCM (buck-mode)
under with distorted mains voltages, i.e., the 3-® mains voltages contain 12%
of 5th, 10% of 7th, and 7% of 11th harmonics [51], to supply a 400 V, 10 kW
load. The phase-b switched voltage of the VSR-stage, vy, confirms 1/3-PWM
of the VSR-stage, whereas the switched output voltages, vqo and wro, indicate
the HF-switching of both DC/DC-stage HBs. The simulated ground current
within the considered frequency range of 40 Hz to 1 kHz remains far below
typical RCD trip levels of 30 mA.
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