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Abstract—Integrated on-board chargers (iOBCs) typically ex-
ploit the traction drive system (i.e., inverter and motor) of an
electric vehicle (EV) as a battery charging interface. The main goal
of iOBCs is to reduce cost and footprint of the EV charging system
by leveraging existing powertrain components. However, this
integration comes with unique challenges (e.g., limited efficiency,
torque production, EMI, electrical safety, etc.), which currently
represent an active research topic for both industry and academia.
The main shortcoming of most existing iOBC solutions is that
they only provide voltage step-up (boost) or voltage step-down
(buck) capability, thus requiring an additional DC/DC conversion
stage to address the full battery voltage range. This paper
introduces a novel single-phase iOBC topology with inherent buck-
boost capability, exploiting a next-generation 400 V double bridge
inverter EV drive system. This topology allows for universal
mains interface charging (i.e., 230V EU, 120 V/240V USA, etc.)
and can exploit all kinds of synchronous/asynchronous electrical
machines with an open-end winding configuration. The proposed
iOBC structure only requires an additional line-frequency diode
bridge rated for the charging current (or an active synchronous
rectifier, if bidirectional charging is desired), an input filter
capacitor and two reconfiguration switches. In this paper, the
operational basics of the proposed iOBC are described, the
stresses on all system active and passive components are analyzed
and the converter closed-loop control strategy is introduced and
assessed in simulation. Furthermore, a novel control approach
addressing the double-line frequency power pulsation (i.e., typical
of single-phase chargers) is proposed, exploiting the magnetic
energy storage capability of the electrical machine.

Index Terms—integrated on-board charger (iOBC); double
bridge inverter (DBI); drive inverter; electric vehicles (EVs)

I. INTRODUCTION

Electric vehicles (EVs) typically feature a dedicated on-board
charger (OBC) to charge the high-voltage battery from the single-
phase and/or the three-phase AC grid. Since the OBC results
in added cost, weight and volume, the exploitation of the EV
drive system (i.e., inverter and motor) to provide the charging
function is currently an active research topic [1], [2]. Integrated
on-board chargers (i0BCs) allow for significant cost and volume
savings, however they are characterized by unique challenges,
such as limited conversion efficiency (being the typical charging
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power several times lower than the drive system power rating) [3],
[4], possible torque production (leading to control complexity,
depending on the magnetic field generated within the electrical
machine) [5], EMI generation (as for conventional OBCs) [5], [6],
and electrical safety (especially for non-isolated topologies) [6].

Even though several iOBC concepts have been proposed in
literature, most of them only provide voltage step-up (boost) or
voltage step-down (buck) capability with the drive system com-
ponents [7]-[18], thus requiring an additional DC/DC conversion
stage to comply with the full battery voltage range. In [19]-[21],
the buck-boost functionality is obtained with a dual three-phase
inverter connected to an open-end winding machine, however
the proposed solutions require a split battery configuration,
substantially increasing the EV drivetrain complexity. In [22],
the two three-phase inverters of a six-phase traction drive system
are reconnected in a boost-buck configuration and the machine
windings are exploited to provide galvanic isolation between
the grid and the battery. Nevertheless, the iOBC concept in [22]
requires the addition of a three-phase diode bridge rectifier, bulky
grid-side filter inductors and several reconfiguration switches
rated for the full traction drive current, undermining the iOBC
cost/volume reduction goal. Most recently, a non-isolated single-
phase iOBC topology with intrinsic boost-buck capability has
been proposed in [4], leveraging the two inverters and the two
machine winding sets of a dual three-phase drive system by
adding only two reconfiguration switches, a single-phase diode
bridge and an input filter capacitor. Notably, the solution in [4]
provides excellent performance in terms of efficiency, torque
generation and input/output current quality.

In this context, this paper proposes a novel single-phase non-
isolated iOBC concept with inherent buck-boost functionality,
exploiting a next-generation 400 V double bridge inverter (DBI)
EV drive system [23], [24]. In particular, the proposed topology
is able to operate with a universal mains interface (i.e., 230V
EU, 120V/240V USA, etc.) and can exploit all kinds of
synchronous/asynchronous electrical machines with an open-end
winding configuration, independently of the rotor isotropic or
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Fig. 1. Equivalent circuit schematic of the proposed single-phase buck-boost iOBC concept, based on a three-phase double bridge inverter drive system.

anisotropic structure. Remarkably, the proposed iOBC concept
only requires the addition of a single-phase rectifier bridge
rated for charging current, an input filter capacitor and two
reconfiguration switches, as illustrated in Fig. 1: a line-frequency
synchronous active rectifier may be adopted if bidirectional
capability is desired. Furthermore, a novel control strategy
aimed at addressing the double-line frequency power pulsation
related to the single-phase operation of the system is introduced,
providing an alternative to bulky output filter capacitors and/or
to a dedicated active power pulsation buffer [25]-[30].

The main features of the proposed iOBC concept can be
summarized as (1) intrinsic buck-boost capability, addressing
the full battery voltage range, (2) sinusoidal AC input current
shaping with very low ripple content (i.e., without requiring
additional inductive components), (3) universal compatibility
with all single-phase grid voltage/frequency levels, (4) wide
applicability, being unaffected by the electrical machine kind, and
(5) optional bidirectional charging capability. It is worth noting
that galvanic isolation is not mandatory for OBCs, since double
or reinforced insulation and/or the detection of residual currents
with the automatic disconnection of the power supply are allowed
alternatives to protect the end user against electrical shock [31].

This paper is structured as follows. In Section II the operational
basics of the iOBC are described, introducing the buck and boost
operating modes of the converter. In Section III the stresses
on the semiconductor devices, the electrical machine and the
input/output filter capacitors are analyzed in detail, providing the
basis for the converter sizing and/or loss evaluation. In Section IV
the iOBC closed-loop control is explained and a novel strategy to
address the double-line frequency power pulsation is proposed.
Finally, Section V summarizes and concludes this work.

II. BASICS OF OPERATION

The structure of the proposed iOBC is illustrated in Fig. 1 and
consists of a grid-connected single-phase active/passive rectifier,
an input filter capacitor, three paralleled buck-boost DC/DC
converters adopting 600/650 V active switches and exploiting
the motor as three mutually coupled inductors (i.e., the DBI
drive system), and an output filter capacitor (i.e., the inverter DC-
link). This topology resembles the voltage step-up single-phase
Y-rectifier concept proposed in [32], however a different grid
voltage rectification approach is adopted herein, to extend the
charger operation in buck mode (i.e., when the battery voltage
is below the grid peak voltage).

The drive system is reconfigured from traction mode to
charging mode by means of the two connection switches
illustrated in Fig. 1. The input rectifier bridge provides a

unipolar voltage (i.e., a rectified sine-wave) across the input
capacitor Cj. The three-phase DBI is controlled as three separate
buck-boost converter units, exploiting the electrical machine
mutually-coupled windings as inductive components. The three
motor phase currents are controlled to be equal (i.e., not to
produce torque) and are regulated to transfer the desired battery
charging power, meanwhile ensuring sinusoidal input current
shaping. Due to the single-phase operation of the system,
the output capacitor C, is subject to the inherent double-line
frequency power pulsation, therefore, depending on the output
system impedance and the acceptable output current ripple,
either electrolytic capacitors and/or an active power pulsation
buffer could be required [25], [26]. It is worth noting that the
suppression of the double-line frequency voltage oscillation
(i.e., the power pulsation buffer feature) can be obtained by
leveraging the EV auxiliary DC/DC converter, i.e. without
requiring additional power electronics, as reported in [27]-
[30]. Remarkably, an alternative to the mentioned solutions is
proposed and described in Section IV, exploiting the magnetic
energy storage capability of the electrical machine to compensate
the single-phase power pulsation.

The bridge-leg PWM switch signals sy, , sx, (x = a, b, c) are
generated from the comparison between the bridge-leg duty
cycles dy,, dyx, and the modulation carrier, as illustrated in
Fig. 2. Defining the bridge-leg modulation reference as

My = 9 _p |sind| x=a, b, c, ()
Vo
where 9 is the grid phase angle (i.e., vy =V, sind, v; = V; |sin?|

with V; = V) and M = V;/V, is the modulation index (i.e.,
M > 1 when operating in buck-boost mode, M < 1 when
operating in boost-only mode), the primary and secondary-side
bridge-leg duty cycles are obtained as
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Fig. 2. Generation of the bridge-leg PWM sw1tch signals sx; , sx, (boost mode).



Boost Buck Boost
400 ; —
Z 300} T Vo
% 200f ]
§ 100} ]

0 L 1

1 - -
% \_/ V daZ
> d,
g 0.5} ! ]
=
a

O 1 !

1

. | Sa,

1 - -

N 111111
2
< 15 /\ |
g 10 .
- .
£y moving 7~

0 1 U 1

60 T T T
g ‘mov,ing i
,Qg_: 40} AT average J
g 20} ]
=
|©]

0
60 . .
<
= 40t /\ § —
§ moving lo
= 20+ average 1
O

0 1 . 1

0 5 10 15 20

t (ms)

Fig. 3. iOBC simplified characteristic waveforms with Vg =325V (.e.,
European single-phase low-voltage grid), V, = 250V and P = 6.6 kW. The
boost mode and buck mode operating intervals are highlighted.

It is worth noting that the three buck-boost DC/DC units can be
modulated with in-phase carriers or with phase-shifted carriers. In
general, carrier interleaving may improve the phase current ripple
performance by converting part of the common-mode (CM) voltage
into differential-mode (DM) voltage, which is applied across a much
larger inductance [9]. Nevertheless, interleaved operation may lead
to higher PWM-induced losses in the machine at high frequency [3],
as the DM flux paths involve a larger portion of the machine stator
and rotor iron [33]. In the following analysis (cf. Section III), both
in-phase carriers and 120° phase-shifted carriers are considered.
Simplified characteristic waveforms of the proposed iOBC
concept with in-phase PWM carriers are illustrated in Fig. 3,
where the battery voltage level is selected to be below the
grid peak voltage, thus allowing for both buck and boost
operating modes to take place over a grid semi-period. Notably,
only one bridge-leg within each buck-boost DC/DC converter
unit is modulated at any given point in time [34], effectively
reducing the total switching losses. It is worth highlighting
that during buck mode operation the amplitude of the machine
phase currents 7,1, is increased according to the inverse of the
primary-side bridge-leg duty cycle dy,, in order to maintain the
sinusoidal shape of the input current ¢; (cf. Section IV).
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Fig. 4. Equivalent circuit schematic of (a) the iOBC in boost mode operation,
(b) the iOBC in buck mode operation and (c) the generic electrical machine,
represented as mutually coupled inductors (L, Lo, Lm) [9].

The simplified equivalent circuits of the iOBC system operat-
ing in boost mode and buck mode are illustrated in Fig. 4(a) and
(b), respectively, highlighting that the switching operation of the
two three-phase inverters is mutually exclusive. Furthermore,
Fig. 4(c) shows the equivalent circuit representation of a generic
electrical machine, consisting of three sets of inductors [9]:
the phase leakage inductance L, the mutually-coupled zero-
sequence inductance Ly and the mutually-coupled magnetizing
inductance L,. This equivalent circuit representation addresses
all kinds of synchronous and asynchronous electrical machines,
such as induction machines, surface permanent magnet machines,
interior permanent magnet machines, synchronous reluctance
machines and electrically-excited synchronous machines (i.e.,
with rotor excitation). In particular, L,, is a 3x3 matrix and
depends on the rotor angular position v}, when the machine rotor
is anisotropic [9]. It is worth noting that, for induction machines,
the equivalent circuit in Fig. 4(c) approximately reduces to the
stator leakage inductance from a CM perspective and to the sum
of stator and rotor leakage inductances from a DM perspective,
since the rotor cage/winding reacts to the pulsating stator flux
similarly to a short-circuited transformer.

III. COMPONENT STRESS ANALYSIS

In this section, the stresses applied to the semiconductor
devices, the machine phases and the input/output filter capac-
itors are analyzed, providing useful tools for the preliminary
estimation of the system loss/efficiency and for the design/sizing
of the components.



A. Semiconductor Losses

The diodes of the input rectifier are only characterized by
conduction losses, i.e.

3)

where Vp and Rp are the diode on-state threshold voltage and
differential resistance, respectively, whereas Ip ava and Ip rvs

2
Pp = Peona,p = Vb Ip ava + Rp I russ

are the diode average and RMS current stresses, respectively.

These stresses are obtained as
I I

2
Ipave = =, If ==t
, ’/T7 D,RMS 4>

“4)

where I, is the peak value of the grid phase current. The total
rectifier losses are therefore obtained as 4 Pp.

The active switches of the DBI are subject to both conduction
and switching losses, which are independent of the PWM carrier
interleaving. Assuming the adoption of unipolar semiconductor
devices (e.g., MOSFETs, HEMTs), the average conduction
losses of each transistor can be expressed as

S

where Rt is the transistor on-state resistance and It gms is
the transistor RMS current stress. Assuming identical resistance
values among the transistors, the total DBI conduction losses can
be estimated as 6 Rt IiRMs’ where I rms (i.e., x =a,b,c)
is the RMS current flowing through each machine phase:

2

Ig
£ oM<
18 -

I?2 [n 21
—& | Z M2 1-——— M2 -1
127r|:2 + 3 M2

4 9 (1
+ (3M)asm(M>} M >1

where I; ~ I, has been assumed and the machine phase current
ripple has been neglected. Expression (6) is illustrated in Fig. 5
normalized with respect to I, gz‘ In addition to the conduction
losses, the instantaneous hard-switching losses of one transistor
can be calculated as

~ 2
Pcond,T ~ RT IT7RMS7

(6)

2 _
IX,RMS -

Psw, T = fsw [Eon (isw) + Eoﬁ' (st)] ) (7)
where fs, is the switching frequency, F,, and E.g are the
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Fig. 5. Normalized RMS current stress I)% RMS/Ig affecting each machine
phase and DBI bridge-leg as function of the modulation index M.

turn-on and turn-off switching energies, respectively, and g,
is the instantaneous switched current (i.e., positive in the
direction of the transistor). Since fast-switching unipolar devices
are typically characterized by a linear dependence of the
switching energies with respect to the switched current (i.e.,
Eon ~ kO,on + kLon lsw»> Poft & kO,oﬂ” + klﬁoff lsw TOT Gy > 0,
and E,, = E.g = 0 for ig, < 0) [35], the average switching
losses of one bridge-leg can be expressed as

PSW = fsw [(kO,on + kO,of‘f) + Isw (kl,on + kl,oﬁ')] 5 (8)

where I, is the average switched current. Different expressions
of I, are obtained for the primary-side and the secondary-side
bridge-legs, respectively

0 M<I1
Isw1= )
’ I, | 1 3 At T
37T|:MVM _1—M<381H<M>—2):| M>].
2l o
I o (10)
sw,2 =
2 Yo /1
—VM2-1) M>1
?m( M ) ~

where [; ~ I, has been assumed and the machine phase current
ripple has been neglected. Expressions (9) and (10) are illus-
trated in Fig. 6 as functions of M and normalized with respect
to I. The total DBI switching losses are therefore obtained as

6 fsw (kO,on + k0,0H) + 3fsw (Isw,l + Isw,2) (kl,on + k170ff>~

B. Machine Phase Flux Ripple

The high-frequency voltage-time area applied to the machine
phases generates a flux linkage ripple At directly related
to the magnetic flux density swing (and losses) within the
machine stator/rotor cores and/or magnets. Furthermore, A
translates into a current ripple inversely proportional to the
machine inductance, which generates additional winding losses.
Therefore, A1) is directly responsible for all PWM-induced
high-frequency losses in the driven machine [33] and therefore
represents a useful and comprehensive machine stress indicator.

Since the DBI drive system features an electrical machine
with open-end windings (cf. Fig. 1), both DM and CM voltages
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Fig. 6. Normalized primary-side and secondary-side bridge-leg average switched
currents Isw,1/Ig, Isw,2/Ig as functions of the modulation index M.
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Fig. 7. (a) differential-mode (DM) and (b) common-mode (CM) equivalent
circuits of the considered iOBC. vx;, Uxy, Vo, Vo, are defined in [24].

are applied across the machine phases [24]. In particular, while
the DM voltage sees the relatively large DM phase inductance
Lpm = L + Ly (V) (cf. Fig. 7(a), where vy, , vy, are the
primary-side and secondary-side DM voltages), the CM voltage
is applied to the much lower common-mode inductance Loy ~
Ls/3+ Ly (cf. Fig. 7(b), where v,, , v,, are the primary-side and
secondary-side CM voltages). Therefore, due to the different
DM and CM flux paths within the machine (i.e., affecting
core losses differently) and since Lpy > Lon (i-e., leading
to very different current ripples and winding losses), the machine
phase DM and CM flux ripple components must be analyzed
independently. To take into account the flux ripple amplitude
along the complete grid semi-period, the global DM and CM
RMS flux ripples (i.e., A¥pm rms, AP cem, rms) are considered
as performance indices, defined and calculated as in [24]. The
results of the analysis are illustrated in Fig. 8, where A¥py grus
and AWcy gums are reported in normalized form (i.e., with
respect to AU, = V;/ fsw) as functions of the modulation index
M for both in-phase carriers and 120° phase-shifted carriers. It
is observed that in-phase carriers lead to zero DM flux ripple, as
the three buck-boost DC/DC units are synchronized and operated
indentically, thus generating only CM voltage. On the other hand,
the operation with 120° interleaved carriers shifts most of the
voltage/flux stress to the DM component, thus minimizing the
phase current ripple (i.e., Lpy > Lo ). It is worth noting that
the piece-wise defined analytical expressions of AWpy rvg and
AW ruMs are not reported here for reasons of conciseness.

C. Input Capacitor RMS Current and Charge Ripple

The input capacitor C; must filter the input current ripple
to comply with the grid code and to reduce the current stress
on the input diode bridge [36]. Therefore, C; must be able to
withstand the RMS current stress Ic; rms and the peak-to-peak
charge ripple AQc; ,,, which is directly proportional to the
capacitor peak-to-peak voltage ripple and thus to the minimum
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Fig. 8. Normalized machine phase (a) DM RMS flux ripple A¥Upn rvis and
(b) CM RMS flux ripple A¥ oy rvs as functions of the modulation index
M for in-phase PWM carriers (0°) and phase-shifted PWM carriers (120°).

(a) (b)

Fig. 9. (a) input-side and (b) output-side equivalent circuits of the considered iOBC.

required capacitance. Disregarding the machine phase current
ripple, both stresses can be analytically calculated.

The equivalent circuit of the iOBC seen from the input side
is reported in Fig. 9(a), where %; is the sum of the DC-side
bridge-leg currents of the first inverter unit (i.e., continuous in
boost mode, discontinuous in buck mode, cf. Fig. 3) and i, is
the rectified grid-side current, assumed to be completely filtered
and equal to the moving average of ; (i.e., the line-frequency
current in the capacitor is neglected, as it depends on the value of
C}). Therefore, the instantaneous current flowing into the input
capacitor is obtained as difference between 7, and ¢; and both
the RMS current stress and the peak-to-peak charge ripple can
be analytically calculated as explained in [24] (i.e., expressions
not reported here for reasons of conciseness). The results of the
analysis are illustrated in Fig. 10, where Ic; rms and AQc; pp
are reported in normalized form (i.e., with respect to I, and
AQn = I/ fsw, respectively) as functions of the modulation
index M for both in-phase carriers and 120° phase-shifted
carriers. It is observed that in boost-only mode (i.e., M < 1)
no switched current flows into Cj as i, = 4; (i.e., excluding
the line-frequency current component), therefore Ic; rms = 0
and AQc; pp = 0. In buck-boost mode (i.e., M > 1), the 120°
carrier interleaving provides significant benefits with respect to
in-phase carriers, both in terms of I¢, rms and AQc; pp-

D. Output Capacitor RMS Current and Charge Ripple

The output capacitor C, must filter the output current ripple,
so that it doesn’t flow into the battery. Similarly to the input
capacitor, C, must be able to withstand the RMS current
stress Ic, rvs and the peak-to-peak charge ripple AQc, -
Disregarding the machine phase current ripple, both stresses
can be analytically calculated. It is worth noting that, since
the double-line frequency output current component can be
compensated with an active power pulsation buffer or with the
control strategy proposed in Section IV, only the high-frequency
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Fig. 10. Normalized input capacitor (a) RMS current stress Ic; rms and (b)
peak-to-peak charge ripple AQc; pp as functions of the modulation index M
for in-phase PWM carriers (0°) and phase-shifted PWM carriers (120°).
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(i.e., switching frequency) current components are taken into
account in the following.

The equivalent circuit of the iOBC seen from the output side
is reported in Fig. 9(b), where i, is the sum of the DC-side
bridge-leg currents of the second inverter unit (i.e., continuous
in buck mode, discontinuous in boost mode, cf. Fig. 3) and %y, is
the battery-side current, assumed to be completely filtered and
equal to the moving average of ¢,. Therefore, the instantaneous
current flowing into the output capacitor is obtained as difference
between i, and 7, and both the RMS current stress and the
peak-to-peak charge ripple can be analytically calculated as
explained in [24] (i.e., expressions not reported here for reasons
of conciseness). The results of the analysis are illustrated in
Fig. 11, where Ic, rms and AQc, pp are reported in normalized
form (i.e., with respect to I, and AQ, = I/ fsw. respectively)
as functions of the modulation index M for both in-phase
carriers and 120° phase-shifted carriers. Also in this case, it is
observed that the 120° carrier interleaving provides significant
benefits with respect to in-phase carriers, both in terms of

IV. CLOSED-LOOP CONTROL

The control diagram of the proposed iOBC is illustrated in
Fig. 12, where the measured quantities are indicated in blue
(i.e., Vg, Vi, tabe, Vo, Ur). The synchronization with the grid,
the output voltage control loop and the reference current shaper
are implemented as in [36]. In particular, a moving average
filter (MAF) is applied to V;, in order not to react to the 2f
voltage oscillation (if present). Due to the mutual coupling effect
between the machine phases, the three phase currents i,, p,
i. should not be controlled independently, therefore the dq0
reference frame is adopted as in [9], requiring the knowledge
of the rotor angular position ¥, in anisotropic machines (i.e.,
with Lq # Lq) for proper loop tuning. In particular, ¢q and
1q are continuously controlled to zero, ensuring equal phase
current sharing and no torque production, whereas the zero-
sequence current ¢g = 7, + i, + 4. regulates the power transfer
(i.e., output of the V, loop) and is controlled to provide
sinusoidal input current shaping. The ¢y control loop is tuned
according to the total zero-sequence/common-mode inductance
L,/3+ Lo (cf. Fig. 7(b)). To ensure the sinusoidal shape of
1g (i.e., the grid current), ¢; must assume a rectified sine-wave
shape, therefore the relation between ¢; and % (i.e., the controlled
current) must be identified. Leveraging the definition of i;,

(1)
and being d,, # dp, # d., in general, (11) can be expressed as

Z.i = dalia + dblib + dclica

ii = (da,—do, ) ta+ (dp,—do, ) b+ (de,— do, ) ic +do, G0, (12)

where do, = (da, + dp, +dc,)/3 is the zero-sequence duty
cycle of the primary-side inverter unit. Therefore, the zero-
sequence current reference is obtained as

Z;k - [(d'ﬂ‘-l - dol)ia + (dbl — dol) ip + (dC1 - d01)]
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Fig. 12. Control diagram of the proposed iOBC, including the output voltage V,,, d-axis current ¢4, q-axis current ¢q and zero-sequence current ¢g control loops.
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Fig. 13. Simulated closed-loop control waveforms of the proposed iOBC connected to the European low-voltage grid charging at 6.6 kW with variable battery voltage.

The most relevant simulated closed-loop control waveforms
are illustrated in Fig. 13, assuming a 6.6 kW iOBC connected
to the European low-voltage grid (i.e., 50 Hz, 230V). The
waveforms are obtained with in-phase PWM carriers and
varying battery voltage between 200V and 450V. The fol-
lowing parameter values have been considered: C; = 5uF,
Co = 100puF, L, = 500pH (.e., 2% inner grid inductance),
Ls=100uH, Ly =0, Ly = Lq =3/2 Ly, + Ls = 3mH (i.e.,
isotropic machine) and fs, = 100kHz (i.e., exploiting the full-
GaN 100kVA DBI introduced in [24]). It is observed that in
buck-boost mode, due to the switching operation of the primary-
side inverter unit, the phase current i, = iyp/3 is not a pure
rectified sine-wave (i.e., according to (13)), nonetheless the grid
current 7, remains purely sinusoidal.

The main drawback of the considered iOBC topology is
related to the double-line frequency power pulsation, which is
inherent to single-phase systems and, if not addressed, yields a
typically unacceptable charging current ripple. This is illustrated
on the left side of Fig. 14 (i.e., operation at P = 6.6 kW,
Vo = 250V), where the moving average of the output current
i, is a pure 100 Hz sine-wave with a DC offset equal to the
average charging current. This large oscillation can be addressed
either with bulky electrolytic capacitors, which must provide a
lower impedance path with respect to the battery, or with an
active power pulsation buffer, which can be obtained with a
dedicated converter [25], [26], with the EV auxiliary DC/DC
converter [27]-[30], or with a proper iOBC control strategy, as
proposed here (cf. Fig. 12). Leveraging the magnetic energy
storage capability of the machine along the axis with highest
inductance (i.e., d-axis, to minimize the required current per unit
of stored energy), the input power pulsation can be dynamically
stored within the electrical machine by setting the d-axis current

reference as [4 FE, B
Zd = gfd

where Ey4 is the total magnetic energy stored in the machine
_ Pavg

4 f
and P,,, is the average transferred power.

(14)

Eq [1 — sin(29)] (15)
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Fig. 14. Simulated control waveforms assuming P = 6.6 kW, V, =250V,
¥y = 0 highlighting the effect of the proposed magnetic power pulsation buffer.

The results are shown on the right side of Fig. 14. It is
observed that the amplitude of the phase current i, increases
significantly due to the addition of the d-axis current component,



which allows to eliminate the 100 Hz oscillation from the
output charging current 7, however increasing the system losses.
Notably, the zero-sequence current ¢y changes shape, as the
active control of the d-axis current modifies the duty cycles
dabe, in (13). Furthermore, it is worth noting that the grid-side
current iy remains sinusoidal, however a small zero-crossing
distortion appears, since when v; = 0, the available input voltage
is no longer sufficient to control both ¢4 and %y, causing the
premature saturation of the duty cycles.

V. CONCLUSION

This paper has introduced a novel single-phase buck-boost
integrated on-board charger (iOBC) concept based on a next-
generation 400V double bridge inverter (DBI) electric vehicle
(EV) drive system. The proposed topology is able to operate
with a universal mains interface and can exploit all kinds of
synchronous/asynchronous electrical machines with an open-end
winding configuration, independently of the rotor isotropic or
anisotropic structure. Moreover, the proposed iOBC concept only
requires the addition of a line-frequency single-phase rectifier
bridge rated for charging current, an input filter capacitor and
two reconfiguration switches.

The basics of operation of the iOBC have been described
and the stresses on all active and passive system components
(i.e., semiconductor devices, electrical machine, input/output
filter capacitors) have been analyzed in detail, providing useful
tools for the loss/efficiency evaluation of the converter and the
sizing of the components. Moreover, the closed-loop control
of the iOBC has been explained and assessed in simulation.
In particular, a novel control strategy aimed at addressing the
double-line frequency power pulsation inherently related to
single-phase systems has been proposed, exploiting the magnetic
energy storage capability of the electrical machine to compensate
the single-phase power pulsation.
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