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Abstract: A wide output voltage range (200 — 1000 Vpc)
isolated two-stage three-phase EV charger is proposed. The
system employs a boost-type two-level PFC rectifier front-end
and the subsequent novel Hybrid Quantum Series Resonant
DC/DC Converter (H-QSRC) output stage, which is left either
unregulated with constant voltage transfer ratio or is used to
emulate a buck or boost behavior. For reducing the H-QSRC
voltage transfer ratio discretization, replacing one of the two-
level primary side bridge-legs with a three-level T-type arrange-
ment and a microscopic duty cycle operation are considered. The
PFC rectifier stage is either operated in conventional boost-mode
with two out of three phases switching (2/3-mode), or in !/3-mode.
For 1/3-mode, always the most positive and the most negative
input phase are clamped to the positive and negative DC bus, and
only the phase with the smallest voltage / current is switching,
which minimizes switching losses. Different combinations of the
operating modes of the PFC rectifier stage and the H-QSRC
stage and the resulting current and voltage stresses on the
main power components are analyzed. Furthermore, the best
synergetic combination of the operating modes of both stages
is identified for the different output voltage regions. Finally,
a corresponding control structure, which achieves a smooth
transition between all operating regimes is presented, and it
is shown, that the extremely wide output voltage range can be
covered without overdesign of any of the two converter stages.

I. INTRODUCTION

The growing market of electric vehicles (EVs) calls for
battery charging systems which are compatible with cars
from different manufacturers, i.e. are able to cope with a
wide output voltage range. Fig. 1(a) shows the operating
range required for future high-power DC chargers which
are typically realized following a modular approach, i.e. by
combining sub-units of 10kW—20kW [1]. Each sub-unit
should allow operation with battery voltages U, between
200V and 1000V, where for low voltage levels, the output
current is limited to a certain maximum charging current,
and for higher voltage levels, the battery is charged with
constant output power, e.g. 10kW. If the power is taken
from the European three-phase LV grid with a line-to-line
RMS voltage of 400V, buck-boost capability of the charger
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is clearly required. Most state-of-the-art chargers consist of
two stages [2,3], i.e. a boost-type two-level PFC rectifier is
employed as grid interface in combination with a subsequent
DC/DC converter to step down or further step up the constant
DC link voltage. However, a constant DC link voltage limits
the system efficiency for buck-mode operation (when U, is
lower than the maximum line-to-line voltage uy max), because
the PFC rectifier is boosting the voltage although step-down
function of the overall system is required. If a small DC-link
capacitor is employed, and the capacitor voltage is actively
controlled by the DC/DC converter to follow the six-pulse
shape of ujmax, |/3-modulation can be utilized, where only
one instead of two bridge-legs (2/3-modulation) of the PFC
rectifier stage is switched at a time [4], as shown in Fig. 2(a.i)
- (a.ii), (a.vii). Specifically, the upper switch of the bridge-
leg with the most positive phase voltage and the lower switch
of the bridge-leg with the most negative phase voltage are
turned on continuously, while the sinusoidal shape of the
input currents of the clamped phases is maintained by the
pulsating DC link voltage, which in turn is controlled by
the subsequent DC/DC converter. As a result, always only
one PFC rectifier bridge-leg is operated with high-frequency
PWM, whereby the switching losses can be reduced signif-
icantly, i.e. by more than 66% as the switched bridge-leg
always carries the lowest phase current. A two-stage three-
phase AC/DC converter system of this type is described in
[4,5], but without considering galvanic insulation against the
mains. Therefore, as isolation between the grid and the vehicle
is mandatory for safety reasons, a bulky low-frequency (LF)
transformer [6] would have to be employed. A more power-
dense solution is to include isolation in the charger itself,
i.e. to employ an isolated DC/DC converter stage. Resonant
converters [7,8], as e.g., LLC converters, are typically used
in such applications. However, with a wide output voltage
range, the frequency variation required for resonant converters
is significant, leading to limited conversion efficiency.

In this paper, a new type of series resonant DC/DC con-
verter is used, which is referred to as the Hybrid Quantum
Series Resonant Converter (H-QSRC), as shown in Fig. 1(b).
The resonant capacitor C; is split among the primary and
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Fig. 1. (a) Battery voltage U, and clamping current I, range for a 10 kW module of a high-power DC electric vehicle (EV) charging system,
(b) topology of the two-stage power circuit of the module comprising a PFC rectifier front-end and a full-bridge series resonant DC/DC
converter (SRC) output stage. The SRC is always working at the resonant frequency and left uncontrolled or operating in buck or boost
quantum (Q) mode. Furthermore, an extension of a primary side two-level bridge-leg into a three-level T-type bridge-leg is considered for
improving the voltage control capability and lowering the stresses on the components. Accordingly, the DC/DC stage is denominated as
H-QSRC. Finally considered component values and operating parameters according to Fig. 2.
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Fig. 2. Simulation waveforms of the two-stage EV charger power module (cf. Fig. 1(b)) employing Synergetic Operation 3 (cf. Section
III-E) for (a) Up = 210V - 300V, (b) Uo = 440V - 610V, (¢) Uo = 830V - 870V: (i) grid voltages u,p ¢, (ii) PFC rectifier inductor
currents fab,co (iii) DC link voltage upn, output voltage U,, (iv) average PFC rectifier stage output current ipn, average DC link current
lcpn, and average input current i,y of the resonant converter over a switching period (lrpn =ipn — lcpn) (v) resonant current i, (vi) primary
side switch-node voltage u, (vii) gate signals of the three bridge-legs Sy ¢ of the PFC rectifier stage. The main simulation parameters
are: switching frequency of the PFC rectifier stage and the H-QSRC: 140kHz, L, . = 100 pH, Cpyy = Cppp = 100 pF = 2Cpy, Ly = 50 pH,
C1 =G = C3 = Cyy =4C; = 104 nF (with C; representing the total capacitance) and Co= 3 mF (to emulate the behaviour of batteries).

secondary sides of the transformer to prevent the magnetic core from saturation. It is also split among both terminals



of the windings in order to reduce the common-mode noise.
Compared with a traditional QSRC [9,10], one bridge-leg of
the primary side of the H-QSRC is replaced by a T-type
bridge-leg, such that a hybrid (H) combination of a two-level
and a three-level bridge-leg is employed, and the number
of available voltage levels on the primary side is increased
[11]. The detailed operating principle of the proposed H-
QSRC is introduced in Section II, where different operating
modes are explained. Section III investigates the suitability
and performance of possible combinations of the different
operating modes of the H-QSRC and the PFC rectifier stage.
The resulting control options are then compared concerning
component stresses. It is found that the best synergetic combi-
nation of operating modes and/or of the control of both stages
depends on the output voltage region, and it is shown, that
by using the identified optimal control scheme the extremely
wide operating range of an EV charger can be covered without
overdesign of any of the two stages. Finally, the complete
control structure of the optimal scheme is presented in Section
III-E, and the implementation of the synergetic control of the
two stages is explained in detail. Section IV concludes the

paper.
II. OPERATING PRINCIPLE OF THE H-QSRC

Ideally, a series resonant converter (SRC) is operated at its
resonant frequency, with an input to output voltage transfer
ratio corresponding to the turns ratio of the transformer.
However, due to the wide output voltage range required for
EV chargers (cf. Fig. 1(a)), it is not always possible to
keep its input voltage u,, equal to the primary side referred
output voltage n-U,, which is why the H-QSRC considered
in the case at hand needs to be operated in different modes
for different output voltage levels. These modes will be
introduced in the following, whereby for simplicity reasons,
the turns ratio is assumed tobe n=1:1.

A. Buck-Mode

When U, is lower than ujmax, the PFC rectifier stage
can be operated with 1/3-modulation (cf. Section I), where
upn needs to be controlled by the H-QSRC to follow the

six-pulse course of uj max. Hence, the H-QSRC controls the
. . 1/: . . du
net current icpn (icpn = 5 (fepn1 + fepn2 — licpn3|) = Cpn—r»

Con = %Cpnl = %Cpnz) in the DC-link capacitor in such a way,
that the required six-pulse variation of the DC-link capacitor
voltage is achieved (cf. Fig. 2(a.iv)). In addition to icp,, the
H-QSRC ensures a six-pulse output current ip, of the PFC
rectifier stage, in order to extract a constant power from the
three-phase grid. In this case, the H-QSRC is operated as
controllable step down converter, which can either be achieved
by adjusting the switching frequency, or by skipping power
pulses, i.e. by introducing a freewheeling state on the primary
side of the converter, as shown in Fig. 3. For the sake of
simplicity, the high-frequency ripples in iy, due to switching
transitions of the PFC rectifier half-bridges are ignored and
ipn = Ipn is assumed throughout this section. Without the T-
type extension of a bridge-leg (cf. Fig. 1(b)), three different

voltage levels can be generated on the primary side: dtup,
(referred to as power period) and OV (referred to as free
resonant period). The corresponding conduction states are
shown in Fig. 3(a)(b) (upn = 490V, U, = 400 V) for a positive
resonant current; Fig. 3(d) shows the key waveforms. It should
be noticed that during power periods, since the primary side
switch-node voltage u,; is larger then the secondary side
switch-node voltage ug, a positive net voltage is applied to
the resonant tank, whereby i increases. On the contrary, in
the free resonant periods, a negative net voltage is applied
and i, decreases. By controlling the resonant current, the
charge taken out of Cp,, can directly be controlled and up, can
therefore be controlled accordingly, as shown in Fig. 3(a.iii).
As already mentioned, i, is the output current of the upstream
PFC rectifier stage, and icpy is the share of the current flowing
through the DC link capacitors Cpn1 and Cypp. With the T-type
bridge-leg, two additional voltage levels can be generated:
:I:%upn (referred to as half-free resonant periods). The extra
conduction states are shown in Fig. 3(c). Therefore, for the
same output voltage (U, = 400V), the zero-voltage state can
be replaced by using half of the intermediate DC link voltage,
whereby a more precise control of i; and, therefore, up, can
be achieved. Fig. 3(d)(e) shows the comparison between the
operation without and with the T-type bridge-leg. It should be
noted that the peak resonant current, as well as the amplitude
of the voltage ripples of up,, are both decreased, while the
latter also decreases the ripples of the PFC rectifier input
inductor currents (i,p) that are directly affected by the
fluctuations of up,. Therefore, the T-type bridge-leg should
be used whenever possible.

B. SRC-Mode

When the primary side referred output voltage U(; =n-U,
is higher than uj max, !/3-operation is not suitable anymore
and the PFC rectifier starts operating with conventional 2/3-
modulation, i.e. as boost converter stepping up the voltage
and controlling the three-phase inductor currents i,y ¢ at the
same time. As a result, the H-QSRC can now be operated as
ideal series resonant converter with u,, = n- Us.

C. Boost-Mode

As for the specified output voltage range (cf. Fig. 1(a)), U,
can reach up to 1000V, it would be impossible to employ
cost-effective and widely available 1200V SiC devices in
the H-QSRC and PFC rectifier stage for reliability reasons.
In order to circumvent this issue, the H-QSRC can also be
operated in boost-mode to reduce the voltage stresses of the
PFC rectifier stage, such that only the secondary side switches
of the H-QSRC need to have higher (> 1200V) breakdown
voltages. The characteristic waveforms and conduction states
of boost-mode are shown in Fig. 4 (up, = 850V, U, =
1000 V). When applying zero voltage on the secondary side, a
positive net voltage is applied to the resonant tank, whereby i,
starts to increase. On the other hand, i; decreases when power
periods are used, since a negative net voltage is applied to
the resonant tank. Hence, u,, and/or U, can be controlled by
manipulating i,. In this operating mode, the components suffer
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Fig. 3. Conduction states (i > 0) of the H-QSRC (DC/DC converter stage of the EV charger modulation, cf. Fig. 1(b)) in buck-mode for
Upnref = 490V and U, = 400V for (a) power periods, (b) free resonant periods, (¢) half-free resonant periods, and simulation waveforms
for (d) without the T-type bridge-leg, and (e) with the T-type bridge-leg: (i) DC link voltage upn, (ii) primary side switch-node voltage uy;;,
secondary side switch-node voltage usec and resonant current i, (iii) rectifier output current ip, (assuming ipy = ipn), net current flowing
into the DC link capacitors icpn (icpn = %(icpnl +icpn2 — licpn3|) = Cpn%, Cpn = %Cpnl = %Cpnz), with orange marking of intervals charging
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Fig. 4. (a) Simulation waveforms of the H-QSRC in boost-mode for up, ref = 850V and U, = 1000V (i) DC link voltage upn, (ii) primary
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be limited to the upper output voltage region. The optimal
maximum output voltage of the PFC rectifier stage upn,max is
therefore subject to an optimization with regard to the overall

from comparably high current stresses due to much higher net
voltages applied to the resonant tank, which is why boost-
mode is considered to be less efficient and its usage should
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Fig. 5. Stresses of the H-QSRC for (i) Pure Buck Operation, (ii) Synergetic Operation 1, (iii) Synergetic Operation 2, (iv) finally selected
Synergetic Operation 3: (a) peak resonant current, (b) RMS resonant current, (c¢) peak resonant voltage (total).

efficiency of the converter system. It needs to be noted that
the half-free resonant periods are not utilized in boost-mode as
this would result in higher RMS currents in the resonant tank.
The reason is that when employing half-free resonant periods,
less current is taken from Cp,, leading to increased i, during
power periods, such that the same average charge is extracted
from the capacitor. Also the relatively large voltage applied
to the resonant tank during free resonant periods results in
higher peak currents, which, however, can be mitigated by
duty cycle operation, as will be explained in Section III-E.
Nevertheless, as the output currents for high output voltages
(where boost-mode is mainly used) are comparably low, an
increase of the peak currents does not affect the required core
cross-section of the magnetic components or power density
of the system.

As mentioned in the beginning of this paper, the three
modes of operation (buck, SRC, boost) of the H-QSRC
offer various possibilities for a synergetic control of the PFC
rectifier stage and the subsequent H-QSRC. In the following
section, different two-stage control strategies are investigated
in detail and their benefits and drawbacks are discussed.

III. CONTROL SCHEMES OF THE TWO-STAGE
B0o0sST-BUCK CHARGING MODULE

By modifying the turns ratio n of the transformer, the maxi-
mum primary side referred output voltage U, can be adjusted.
Consequently, depending on n, the required operating modes

are different. In this section, four possible synergetic control
options are investigated and comprehensively evaluated, such
that the most appropriate one can finally be selected for a
certain application.

A. Pure Buck Operation

The most simple solution would be to operate the PFC
rectifier stage with 1/3-modulation only and the DC/DC stage
in buck-mode across the whole opf:rating?y range. This could
be achieved by limiting the maximum U, to be smaller than
the minimum value of the instantaneous maximum line-to-line
voltage min(uuymax). Hence, considering a certain margin, the
turns ratio would have to be selected as n =4:9 = 0.44,
such that U(;,max =440V. In this mode, the large voltage and
current stresses are shifted to the components of the DC/DC
stage while only one bridge-leg of the PFC rectifier stage is
switching at a time, resulting in a very efficient operation of
the rectifier front-end. The resulting main component stresses
for the H-QSRC are plotted in Fig. 5, whereby the dashed
line refers to a constant power of 10kW. For output power
values P,y lower than 3 kW, the rectifier stage is not anymore
operated with 1/3-modulation and Upy is increased to 600V, as
a certain minimum reactive power is required to maintain the
six-pulse course of up,, which is not available for Poy < 3kW.
It should be noted that the component stresses are very
high for this control strategy [irpeak,max = 110 A, it rmsmax =
60 A, Ucrpeak = 4.9kV (total voltage across all the resonant



capacitors Cy123.4)], especially for low U(;. Due to the small
turns ratio, the transformer is stepping up the voltage for all
operating points, which is why the step-down ratio of the
system is further increased and the efficiency is therefore
reduced.

B. Synergetic Operation 1

To decrease the current and voltage stresses of the resonant
tank, the turns ratio can be increased whereby the 2/3-
operation of the PFC rectifier stage needs to be included, such
that the DC link voltage can be boosted. If the breakdown
voltage of the switches in the rectifier stage and the primary
side of the H-QSRC is 1200V, which is a standard voltage
level for commercially available SiC power MOSFETs, the
maximum allowed DC link voltage u,, is limited to 850 V.
Similarly, for the H-QSRC to work in buck-mode, a certain
margin between u,, and Ué needs to be kept (for example
ugire = 50 V), such that the voltage applied to the resonant tank
is large enough to regulate i, with comparably high dynamics.
Therefore, the maximum primary side referred output voltage

U(;max is limited to around 800 V. Consequently, the turns
ratio can be increased to n = 0.75. Thus, as long as U(;,max is

lower than wuy max — ugifr, the rectifier stage is again operated
with 1/3-modulation (cf. Section ITI-A). However, once U;‘max
exceeds upmax — Ugir, the PFC rectifier has to start boost
operation with 2/3-modulation to keep up, above U(;,max. The
H-QSRC still operates in buck-mode across the whole oper-
ating range and SRC-mode is not yet employed. Compared
to pure buck operation, the peak value of the resonant current
is decreased by 32% (irpeak,max = 75 A), the RMS current
decreased by 38% (irrms,max = 37 A), and the peak resonant
capacitor voltage decreased by 33% (Ucy peak = 3.3kV).

C. Synergetic Operation 2

An improvement of Synergetic Operation 1 can be achieved
by adding SRC-mode of the H-QSRC. To use conventional
1200V SiC devices in the PFC rectifier front-end, up, is
again limited to 850V. Since SRC-mode is added, U(;max
can be increased to the same level as up,, and therefore the
turns ratio can be chosen as 0.83. The transition between
buck-mode and SRC-mode will be discussed in detail in
Section III-E. Similarly, depending on U;.max and uy max, the
PFC rectifier changes between 1/3- and 2/3 -operation, while
the H-QSRC stage switches between buck-mode and SRC-
mode in the same way, i.e., 1/3-modulation of the rectifier
stage is combined with buck-mode of the H-QSRC, and 2/3-
modulation of the PFC rectifier is used with SRC-mode of the
H-QSRC. Compared to Synergetic Operation 1 (cf. Section
III-B), the resonant inductor peak current is further decreased
by 9% (ir peak,max = 68 A), the RMS current is decreased by
8% (irrms,max = 34 A), and the peak resonant capacitor voltage
is decreased by 9% (Ucypeak = 3kV).

D. Synergetic Operation 3

Finally, by also utilizing boost-mode of the H-QSRC, the
turns ratio can be set as 1: 1. The upper limit of the PFC
rectifier output voltage is again set to 850V, which is why for

output voltages above 850 V the H-QSRC stage switches from
SRC-mode to boost-mode, and starts to step up the voltage.
The choice of the optimal boundary between SRC-mode and
boost-mode (850V for now) may be changed in a practical
application and is subject to a system optimization. Compared
to Synergetic Operation 2 (cf. Section III-C), the resonant
inductor peak current is decreased by 16% (ir peak,max = 57 A),
the RMS current is decreased by 18% (i;rmsmax = 28 A),
and the peak resonant capacitor voltage is decreased by 17%
(Uctpeak = 2.5kV). It can be noted that the stresses in the
boost-mode region are slightly higher than for Synergetic
Operation 2 (for example, at U, = 1000V, Py = 10kW, i s
is increased from 13.3 A to 14.3 A). However, the stresses in
the other regions are lower and the average efficiency over
the whole operating range is still higher.

An output voltage sweep from 200V to 1000V was sim-
ulated for the above described control concept (Synergetic
Operation 3) and the key transition waveforms are shown in
Fig. 2. It should be noted that it is possible to design a suitable
control structure which guarantees smooth transitions between
the different modes of operation. Such control structure is
introduced and discussed in detail in the next section.

E. Control Structure of Synergetic Operation 3

A multi-cascaded control structure implementing the afore-
mentioned Synergetic Operation 3 is shown in Fig. 6. For
the PFC rectifier stage, the output voltage U, is measured
and used to calculate the output power reference P}, which
is then translated to the references i}, . of the phase currents.
The grid current controllers Rigyid then set the reference values
of the voltages across the inductors L, , ¢, which are added to
the measured mains phase voltages to create the references of
the PFC rectifier switching stage input voltages (ug,, up, and
up.). Based on these references, the gate signals of the half-
bridges of the PFC rectifier are generated, and the required
clamping of phases is performed [4,5].

For the H-QSRC stage, two controllers are working in
parallel: the buck controller generating the gate signals for the
primary side (sq.), and the boost controller which generates
the gate signals for the secondary side (sfg). These two
controllers have very similar structures, which is why in a
first step only the buck controller is investigated in detail in
the following sections.

1) Hysteresis Controller (Block I in Fig. 6): The DC-
link voltage up, of the two-stage system is always controlled
by the H-QSRC stage, whose reference uy, . is calculated
using the output voltage U, and uﬁ)max, where the latter is the
instantaneous maximum line-to-line input voltage reference,
defined as ujj ;\ = Upmay — Up,- Furthermore, an additional
term uy, is added to the output voltage reference U;, whose
purpose and magnitude will be discussed in Section ITI-E3. In
a next step, uy, 1, is compared with the measured value upn
to calculate the current reference ig,,,, which is then subtracted
from ij,, a feed-forward term representing the output current
of the PFC rectifier, and can be calculated from the PFC
rectifier inductor currents and the corresponding duty cycles
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Fig. 6. Cascaded output voltage control structure of the two-stage EV charger power module comprising a three-phase PFC rectifier front-end
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(ipn = 13da + iydp + iidc). Furthermore, a second term i

n
is subtracted from i;‘m, which is used to ensure balan?e?l
voltages across the two DC link capacitors Cpy1,Cpn2, Which
will be explained in detail in Section III-E2. Finally, with
Irpn = Ipn — Icpnb — fcpn»> the input current reference iy, of the
H-QSRC stage is found. To calculate the resonant current
reference if in buck-mode, i;‘pn is multiplied by mpyx =
Upn puck/Us » Which is the same as the relationship between
the input current and the inductor current in a conventional
buck converter. Subsequently, i} is compared to the measured
resonant current |i;| [12,13], which is sampled once every
half period (peak current is sampled and divided by 2/7 to
calculate the average current). Based on this comparison, it
can then be determined whether the resonant current should
be decreased or increased, which, in combination with the
results of the voltage level selection block and the duty cycle

calculation block, is used to generate the PWM signals.

2) Control of the Midpoint Voltage (Block II in Fig. 6): As
mentioned previously, the balance between the voltages across
Cpn1 and Cpn2 needs to be maintained for proper operation of
the converter. Therefore, a PI controller RUpyp, is added, where
the difference of upn; and wupyp is used as error signal. The
output of this PI controller is then multiplied with an index
k (k=1 or —1) to obtain izpnb, whose sign depends on the
selected voltage levels and the sign of the resonant current.
For example, if upn1 > upn2, the half-free resonant periods
should be used more often for i, < 0 and less often for i, >0
in order to discharge Cp,1 (during half-resonant periods, Cpyi
is only discharged for i < 0, and Cp,y2 is only discharged
for iy > 0). Therefore, if power periods and half-free resonant
periods are used, ié‘pnb should be positive (k = 1) for iy <0
and negative (k= —1) for i, > 0, such that i} is decreased for
ir < 0 and increased for i; > 0, leading to more half-resonant

periods used for i < 0 and less used for i, > 0 to discharge
Cpn1. The situation is exactly the opposite if half-free resonant
periods and free resonant periods are used and is therefore not
explained further.
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Fig. 7. Simulation waveforms of the DC link voltage wupn, its
reference u;‘m’buck and the output voltage U, when the H-QSRC
transitions between buck-mode and SRC-mode for U, = 540V (a)
without the transition voltage uy, and (b) with the transition voltage
Un.

3) Intermediate DC-Link Voltage Reference (Block III in
Fig. 6): Ideally, the voltage reference u:;n’buck should be
selected from the maximum of two values, the output voltage
U, and ul*LmaX, as it is done in [4,5]. However, due to
the limited dynamic response of the resonant converter, the
transition from buck-mode to SRC-mode cannot be achieved
instantaneously. When the rectifier is operated with 1/3-
modulation, the average input current frpn of the H-QSRC
is different from the average rectifier output current ip,, due
to the average capacitor current icpn. However, as soon as
the H-QSRC enters SRC-mode, its input current iy,, should
be adapted to the rectifier output current ip,, as in SRC-
mode the H-QSRC is operated in open-loop and does not
control szn anymore. However, in H-QSRCs, it is difficult to
adjust the resonant current fast and accurately during a short
time interval, especially if a relatively large resonant inductor
is employed. This is relevant, as even a small deviation
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from the steady-state can cause oscillations as shown in
Fig. 7(a). Therefore, to achieve a smooth transition as shown
in Fig. 7(b), a voltage up is added to U;, which gradually
decreases to zero with a much lower rate, e.g., a quarter of
a sinusoidal wave, with a small amplitude, e.g., 5V, and a
low frequency, e.g., 150 Hz, such that the resonant current is

adjusted step by step until irpn = ipn.

4) Duty Cycle Operation (Block IV in Fig. 6): For a
conventional QSRC, large voltage ripples would appear in u,,
especially when the input and output voltages are close, as the
differences between the absolute voltage-time areas applied to
the resonant tank during half-free resonant periods and power
periods are very large. In this condition, the ’net’ voltage
applied to the resonant tank during power periods is nearly
zero, while in half-free resonant periods, it is close to half
of the DC link voltage, as shown in Fig. 8(a). Consequently,
the decrease rate of i, during the free-half resonant periods is
much larger than the increase rate during the following power
periods. As a result, it takes a comparably long time (tens of
half periods) to bring the current back to its reference value.
Consequently, a low-frequency ripple appears across u,, with
a large amplitude, leading to distortions in the three-phase
PFC rectifier input currents. This problem can be mitigated by
introducing duty cycle operation, as shown in Fig. 8(b), where
only a fraction of a full half-free resonant period is used. By
introducing duty cycle operation, the effective voltage-time
area applied to the resonant tank during one half-free resonant
period is much smaller, enabling a much smoother regulation
of upp.

To ensure soft-switching for every switching transition in
duty cycle operation, the appropriate voltage level sequence
has to be selected. For example, if power and half-free
resonant periods are used, the higher voltage level always
needs to be applied first, such that the direction of i; during the

intermediate transition from up, to %upn inherently results in

soft switching (cf. Fig. 8(b)). Nevertheless, for a certain duty
cycle, i; is not anymore precisely in phase with up, which
means it may reach zero before the end of the half period,
leading to hard-switching transitions. There are two solutions
to achieve soft switching under this circumstance: 1. increas-
ing the switching frequency (slightly increasing the switching
frequency does not affect the output voltage), 2. using the
magnetizing current of the transformer, which is the subject
of current research. Having ensured soft switching in duty
cycle operation, the calculation of the appropriate duty cycle
needs to be investigated. Ideally, it can be derived considering
the voltage-time-area balance, i.e., zero net voltage applied to
the resonant tank during a control period. A control period
is defined as the time interval where the average of up, is
equal to the reference. Considering again the case depicted in
Fig. 8(a) with the same u;,, and U,, and assuming a control
period containing n half periods, the duration d of the half-
free resonant period can be derived as

Upn — U,

d=dy=2(n+1) 1

Mpn

However, as the current is not in phase with the voltage
due to the applied duty cycle, the secondary side applied
voltage ug is not anymore in phase with u;, leading to
different voltage-time areas which are applied to the resonant
tank. For the considered component values of the resonant
tank, the H-QSRC operates in continuous conduction mode,
as the voltage across the resonant capacitor C; is larger than
U, when i, reaches zero. Thus, even if all four switches of the
secondary side full-bridge are turned off, the large capacitor
voltage forces a continuation of i. through the anti-parallel
diodes of the switches. To compensate for this voltage-time-
area discrepancy, another term is added to dy,, where dy
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Fig 9. Simulation waveforms of the H-QSRC in buck-mode when

1 buck reaches the lowest point of its six-pulse course (upn ~ U1, max)
and U, =480V (a) without d;. and (b) with dj.: (i) DC link Voltage
Upn, its reference upn buck> (i) primary side switch-node voltage Upris
secondary side switch-node voltage Ugec, (1i) resonant current i, (iv)
average rectifier output current ipy, average DC link current 1cpn, and
average resonant current i over a switching period (i; = U " irpn =

U0 (lpn - lcpn))

represents the time interval where the current is flowing into
the opposite direction:

dosiU,
d=d,, =dgp+4- 2220 )

Upn

dogr 1s a function of dy, and can be calculated with the
differential equations of the inductor current and the capacitor
voltage. As (2) does not have an explicit solution, the duty
cycle d’vb needs to be calculated numerically. Furthermore, it
should be noted that (2) needs to be modified accordingly if
the impedance of the resonant tank is decreased to a certain
extent, when the system enters discontinuous conduction
mode.

It can be noted from (1) that, the closer up, and U,
get, the smaller the duty cycle is, which however, leads to
limited dynamic performance of the system. In buck-mode,
upy follows the six-pulse course, where between each pulse,
the capacitor current needs to be changed instantaneously (cf.
Fig. 2(a.iv),(b.iv)), requiring the H-QSRC to react accord-
ingly. Therefore, another term d;. is added to the duty cycle
calculation, which varies depending on the required capacitor
current:

d =d,, +di. 3)

Fig. 9 shows the comparison of different duty cycles
applied, without and with d;. in the calculations respectively,
when U = 480V (i, pyck min = 488 V). It can be noted that

when U, is close to upn, d,, is comparably small (grey areas
in Fig. 9(a)), and the system is not capable of decreasing
the resonant current i, fast enough, leading to insufficient
current feeding into Cp,, whereby the capacitor voltage wup,
cannot be increased as required. Hence, the duty cycle d has
to be adjusted if a certain dynamic response is required, as in
Fig. 9(b), which is realized by means of di.. To calculate d;,
first of all, the required change of the resonant current has
to be identified. According to the power balance, the output
current i, can be calculated as

. u .
lo = £ “lrpn- “4)

With ipn = pn — icpn and iy = |iz|, (4) can be re-written as

| = o
|lr‘— U0

The same applies to the average values:

' (ipn - iCpn)~ (5)

- u T T
|lr‘ = % : (lpn - lcpn)~ ©6)
(o)

Thus the change of the resonant current due to the required
change of the capacitor current is

- U upl’l -
A|lr|max = 'Alcpn,max = '2lcpn,maxa 7
Us Uo
. du
where icpn = Con—

ing period chpn is shown in Fig. 2(a.iv),(b.iv).

Similarly, the relationship between di. and the required
change of the resonant current Ali;| needs to be determined
numerically. For the sake of simplicity, it can be assumed
that before each half period with a certain duty cycle, the
steady-state is reached, i.e., iy = I, and i, reaches zero at the
end of the half period, whereby the resonant current can be
calculated and the change of its average value with respect
to the previous period can be derived. One solution to avoid
complicated calculations of dj. is to keep always a certain
margin (ugiir = 50V) between up, and U(;, as long as U(;
is smaller than the absolute maximum line-to-line voltage
(around 563 V), and only changing to SRC-mode when no
additional icpn is present (irpn = ipn).

Ideally, the sharp reduction of i, should be accomplished
within a short time interval, e.g., in 1 or 2 resonant half cycles
as shown in Fig. 9(b), which however, cannot be achieved for
all operating points. It can be noted from (7) that the lower
the U, the higher the Ali;|max. Therefore, for a small U, the
required change of the resonant current may not be achieved
even by applying a complete free-resonant period (d = 1),
especially for resonant tanks with comparably large inductors,
as shown in Fig. 10(a) with U, = 240V. After one cycle
where d = 1, i; has not yet been reduced to the desired value
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« reaches the lowest point of its six-pulse course (upn = Uyl max)

and U, = 240V, with larger requirement of A|zTr|max (a) without adjusted d;. and (b) with adjusted di.: (i) DC link voltage upn, and its

* .
reference Upn buck’

(ii) primary side switch-node voltage up;, secondary side switch-node voltage usec, (iii) resonant current iy, (iv) average

rectifier output current Zpy, average DC link current icpy, and average resonant current i over a switching period (iy = MU—Tfrpn = MU—T (fpn — fcpn)-

and the d;b in the next few periods is not sufficient to decrease
ir fast enough (due to a small difference between up, and
U,), resulting in low-frequency ripples across up,. Thus, once
Alix|max s above Ali;|4—1, dic needs to be adjusted according to
ir as well until it reaches the required value. Another solution
would be to use a resonant tank with smaller impedance, e.g.,
reducing L, to 25uH or to decrease the value of Gy, e.g.,
to 25 uF. However, this would lead to larger RMS currents
or larger fluctuations across u,,, which would deteriorate the
performance of the system.

5) Voltage Level Selection (Block V in Fig. 6): Depending
on the output voltage, different voltage levels on the primary
side are applied to the resonant tank. In general, if U, is
lower than %u;‘m’buck, free-resonant periods (0) and half-free
resonant periods (:&:%upn) should be used, whereas power
periods (£up,) and half-free resonant periods (i%upn) should
be used when U, > %u;mbuck. However, when U, is in the
near vicinity of %upn, due to the voltage drop across all the
components, the voltages applied to the resonant tank (up;
and usec) may be slightly different from wup, and U,. As a
result, if the measured U, is smaller than %upn and the T-type
bridge-leg is used to increase ir, up; may be smaller than
Usec, leading to a decreased i, instead. Such inappropriate
selections of voltage levels are causing distortions across
Upn, as shown in Fig. 12(a), which will affect the inductor

currents iy of the PFC rectifier stage. Hence, in order to
facilitate a smooth transition from one pair of voltage levels
to another, the system is allowed to switch back and forth
between the voltage pairs. A flowchart is shown in Fig. 11,
exhibiting the procedure of the voltage level selection. First
of all, upy is compared 0 uy, i to check if the system is
in the transient state due to disturbances or due to a load
step, etc. If u,, deviates from u;n,buck by more than up,
(in the range of 5...10V), then only power periods and free
resonant periods are used, such that the system is brought
back to the steady state fast enough. In this situation, the
use of duty cycle operation is disabled. Next, if U, falls in
the range of %upn:tun (un 1s again around 3V..5V), all
voltage levels are used. When up, is lower than its refer-
eNCe Uy, bk free-resonant periods (0) and half-free resonant
periods (:l:%upn) are employed, while power periods (Zupn)
and half-free resonant periods (j:%upn) are utilized if up, is
larger than its reference u;n,buck’ whereby the controllability
of i, is guaranteed. Fig. 12 shows the comparison between
using the aforementioned selection strategy (Fig. 12(b)) and
simply selecting the voltage level according to the relationship
between U, and u;n’buck (Fig. 12(a)). It can be noted that the
transitions become much smoother with the proposed strategy.

It needs to be mentioned that due to the requirement of Ali;|
in the valley of the six-pulse course of up,, as discussed in the
last section, for a U, which is only slightly above %u;nybmk +
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Fig. 12. Simulation waveforms of the H-QSRC in buck-mode for
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strategy depicted in Fig. 11: (i) DC link voltage upy and its reference
pn,buck’ (i) primary side applied voltage u, and secondary side
applied voltage ugec.

uy, applying half-free resonant periods cannot reduce i, fast
enough as well, and free resonant periods need to be used.
Again similar strategies are implemented here, i.e., as long as
the resonant current is not decreased to the required value,
switching back and forth between voltage levels is allowed.

6) Boost-Mode: In boost-mode, the control of the H-QSRC
is much simpler than in buck-mode, as ug, .. is fixed at
850V, which is the highest voltage level the primary side
switches can withstand safely. Furthermore, izpnb is set to zero
as the T-type bridge-leg is not used. The voltage selection
block is also disabled since there is no T-type bridge-leg on
the secondary side. Moreover, myo0st = 1, Which is the same as
in a conventional boost converter, where the inductor current
is equal to the input current. Moreover, the calculation of the
duty cycle is easier as dic =0 and d = d;b. The PWM signals
are therefore calculated based on i, if and the calculated duty
cycle.

To sum up, with the all aforementioned control blocks,
Synergetic Operation 3 can be implemented successfully; the

resulting simulation waveforms are shown in Fig. 2.

IV. CONCLUSIONS

In this paper, a two-stage module of a high-power elec-
tric vehicle DC charger employing a three-phase boost-type
PFC rectifier front-end and a novel Hybrid Quantum Series
Resonant DC/DC Converter (H-QSRC) output stage is pro-
posed, with a special focus on how to cope with the three-
phase PFC rectifier stage to cover an extremely wide output
voltage range. Different operating modes are demonstrated
and analyzed for both stages. Subsequently, four different
synergetic combinations of the PFC rectifier and the DC/DC
converter control were developed. All combinations are evalu-
ated considering the stresses on the main power components,
whereby it could be concluded that by utilizing all degrees
of freedom of the control of the individual stages and a
synergetic partitioning of the overall control tasks between the
stages, the required wide operating range could be covered
without overdesign of any of the stages. Finally, a detailed
explanation of the optimal control scheme is provided, which
ensures smooth transitions between the different operating
modes. Furthermore, the necessary analytical solutions, which
are required for the control implementation are provided,
in order to support hardware implementation of the system,
which is in the scope of future research.
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