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Abstract: In the energy distribution grid of electric vehicles (EVs), multiple different voltage poten-
tials need to be interconnected, to allow arbitrary power flow between the various energy sources
and the different electrical loads. However, between the different potentials, galvanic isolation is
absolutely necessary, either due to safety reasons and/or due to different grounding schemes. This
paper presents an isolated three-port DC/DC converter topology, which, in combination with an
upstream PFC rectifier, can be used as combined EV charger for interconnecting the single-phase
AC mains, the high-voltage (HV) battery and the low-voltage (LV) bus in EVs. The proposed topol-
ogy comprises two synergetically controlled and magnetically coupled converter parts, namely, a
series-resonant converter between the PFC-sided DC-link capacitor and the HV battery, as well as a
phase-shifted full-bridge circuit equivalent in the LV port, and is mainly characterized by simplicity
in terms of control and circuit complexity. For this converter, a simple soft switching modulation
scheme is proposed and comprehensively analyzed, in consideration of all parasitic components of a
real converter implementation. Based on this analysis, the design of a 3.6 kW, 500 V /500 V/15 V
prototype is discussed, striving for the highest possible power density and as low as possible man-
ufacturing costs, by using PCB-integrated windings for all magnetic components. The hardware
demonstrator achieves a measured full-load efficiency in charge mode of 96.5% for nominal operating
conditions and a power density of 16.4 kW /L.

Keywords: electric vehicle; resonant converter; auxiliary charger

1. Introduction

Electric vehicles (EVs) are increasingly gaining market share in the automotive sector,
partly because of the ever shorter charging times, which can currently almost compete
with the refueling times of conventional vehicles with combustion engines. Using the
most recent high-power fast chargers (up to 350 kW [1,2]), the charge rates for the car-
internal high-voltage (HV) battery can go up to 1600 km per hour, or 130 km in 5 min [3],
whereby the disadvantage of long charging times of EVs is practically gone. Unfortunately,
the fast-charging infrastructure is still being developed in most countries, which is why
an alternative charging method is required, which allows to recharge the EVs either at
home or on the go, without special charging stations. For this reason, a small 3.6 kW
on-board charger (OBC) is usually employed in today’s EVs, which can be used to charge
the vehicle directly from the widely accessible single-phase AC mains. However, due to its
low power rating, this charger is mainly used in emergency situations, where the remaining
charge of the HV-battery is not sufficient to reach the next fast-charging station. Hence,
as this charger is on-board, it is carried around all the time, even though it is hardly ever
operated and is therefore considered as “dead” volume with an extremely low component
utilization. Fortunately, the component utilization can be improved by combining the
OBC with another converter system usually installed in EVs, namely the galvanically
isolated DC/DC step-down converter, which feeds energy from the HV-battery to the
low-voltage (LV) bus [4]. As this converter is mainly operated in drive mode and has a
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similar power rating of 3kW, an integration of both systems into a single unit with a total
power rating of 3.6 kW seems very promising. Consequently, this new combined converter
system covers both functionalities and is operated more regularly, whereby a much better
component utilization and a higher level of integration of the EVs energy distribution grid
can be achieved.

The combined system therefore needs to cover two modes of operation:

On the one hand, the charge mode (CM), where most of the power is flowing from the
AC mains into the HV-battery and only a small amount of energy is fed from the AC mains
into the LV-bus (<300 W) and, on the other hand, the drive mode (DM), where power is
flowing from the HV-battery to the LV-bus only. Even though the converter needs to cope
with short power peaks of up to 3kW in DM, the average power from the HV-battery to the
LV-bus is more in the range of 1 kW-1.5kW. Hence, a high full-load efficiency in CM and
a high partial-load efficiency in DM are in demand. Furthermore, the converter needs to
cope with wide port voltage variations, as the charge-level dependent HV-battery voltage
can easily drop to 50% of its nominal value.

Various three-port converter topologies have already been presented and analyzed
in the literature [5-8], which show remarkable efficiencies under suitable operating con-
ditions [9]. Unfortunately, due to the required galvanic isolation between the AC mains
and the two DC voltage buses, promising non-isolated topologies cannot be used in the
application at hand [10,11], which is why only topologies remain that use a transformer for
isolation purposes. However, these isolated topologies feature a common characteristic:
they are often built symmetrically, which means that every converter port shows the same
circuit structure [12]. Due to this symmetry, the efficiency of these topologies often suffers
if the operating conditions of the individual converter ports differ significantly. Since in
this application, the requirements and specifications of the two DC voltage ports (HV
and LV) differ greatly, as on the one hand, the high-voltage port mainly has to cover a
wide voltage range and, on the other hand, the low-voltage port has to deliver a very
high current (up to 200 A) at a low output voltage, the question is raised as to whether an
asymmetric topology would be more suitable. The same can be observed in the literature
for two-port systems with similarly different port specifications, where different topologies
are commonly used in the two converter ports for most efficient power conversion [13].
Consequently, a three-port topology must be developed in which the topology of each
port is tailored to the port-specific requirements given by the application. Additionally,
the overall topology should be as simple as possible both in terms of design optimization
as well as control, in order to guarantee the suitability for industrial applications.

In this paper, such novel three-port converter topology for a combined EV charger
is derived, which provides galvanic isolation between the HV-battery, the LV-bus and the
DC-link capacitor of an upstream single-phase PFC rectifier, which, however, is out of
the scope of this paper. Furthermore, the port-specific topologies of the three converter
ports are optimized for their respective specifications, considering the aforementioned
design goals.

The proposed topology is shown in Figure 1 and comprises three converter ports
arranged around one common transformer. The PFC-sided half-bridge and capacitive
voltage divider, together with the HV-sided half-bridge and capacitive voltage divider,
are operated as a series-resonant converter (SRC), whereby the leakage inductance of the
transformer, in combination with the two capacitive voltage dividers, form the required
resonant tank. The third port, which is connected to the LV-bus, comprises two inductors,
which can actively be connected/disconnected to/from the third transformer winding by
means of the four switches LV.xy, xy € {1a,1b,2a,2b}. Hence, for vp1y > 0, L,, LV.1a and
LV.1b form a conventional step-down converter with an input voltage of vy 1y, whereas for
vrv < 0, Ly, LV.2a and LV.2b form a second step-down converter with an input voltage of
—ov1Ly. Consequently, these two step-down converters are inherently interleaved with a
phase shift of 180°, due to the 50% duty cycle of the transformer voltage, which is given by
the resonant operation of the SRC.
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Figure 1. Topology of the proposed three-port DC/DC converter comprising a resonant stage for
the power flow from the output of an upstream PFC rectifier to the high-voltage (HV) battery and a
phase-shifted full-bridge circuit equivalent, which controls the power flow to the low-voltage (LV)
battery of the EV.

In Section 2, the general operation of the proposed converter topology is introduced
and its advantages over existing solutions are discussed. Subsequently, Section 2.2 deals
with the control of the LV-port and in particular with its impact on the ZVS operation of the
PFC and HV-side power switches. In Section 3, the design of such a converter system for
the exemplary specifications of Table 1 is discussed and its performance is finally verified
in Section 4 by means of experimental measurements. Section 5 concludes the findings of
this paper.

Table 1. Specifications of the proposed 3.6 kW three-port DC/DC converter.

PFC Port Voltage VpEC 250V..500V

HYV Port Voltage Vav 250V..500V

LV Port Voltage Vv 105V..15V

Output Power (HV-Port) Pout OW..3.6 kW (max. 12 A)
Output Power (LV-Port) Pout 0OW..3kW (max. 200 A)

CM Efficiency (full-load) DM 95%@Vyy =500V, Viy =15V
DM Efficiency (part-load) DM 95%@Vyy =500V, iy =15V

2. General Converter Operation

In this section, the general operation of the converter in the two different modes of
operation (CM and DM) are discussed and analyzed.

In a first step, only the SRC part of the converter is investigated, as it is only operated
in CM and hardly any control is required. In a second step, the LV-port is also taken into
account and its control is analyzed in detail.

2.1. Charge Mode Operation—Series-Resonant Converter

As already mentioned, the SRC is only operated in CM, where most of the power
flows from the output of the PFC rectifier into the HV-battery and only a fraction is flowing
from the PFC rectifier output to the LV-bus. Hence, in this mode, the converter is operated
with full power for most of the time, which is why the converter should be designed in
such a way, that the power transfer from the PFC rectifier output to the HV side is as
efficient as possible. One of the most efficient topologies for such applications is a so-called
DC-transformer [14], hence, a SRC which is operated with a fixed switching frequency
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close to the resonant frequency, resulting in a fixed voltage transfer ratio, which is given
by the numbers of turns of the transformer. Consequently, the currents are all sinusoidal,
whereby both, the high-frequency (HF) conduction losses as well as the EMI filtering effort
are minimized. The only drawback of this topology is the fixed voltage transfer ratio,
which inevitably leads to the necessity of a variable input voltage of the converter, which
has to be adapted according to the required output voltage. In the application at hand, this
is not really a drawback, as the whole system comprises of two independent stages, where
the upstream PFC rectifier is capable of boosting the intermediate DC-link voltage Vpgc to
arbitrary voltage levels (possibly at the expense of higher required blocking voltages of the
employed semiconductors in the PFC rectifier stage). Furthermore, by utilizing the PFC
rectifier to indirectly control the output voltage Viyy through Vppc, the number of discrete
inductive components of the complete converter system can be reduced, which is cost-wise
a significant advantage. Hence, compared to conventional two-stage solutions with a
fixed DC-link voltage Vprc, where one inductive component is used to bridge the voltage
difference between the AC mains voltage and Vppc and another inductive component
is used to bridge the difference between Vppc and the output voltage Vv [15], only the
inductive component in the PFC rectifier is used if the proposed DC-transformer stage
is employed. Surprisingly, the inductor in the second stage can be saved with almost
any size- or loss-penalty in the inductor of the PFC stage, as the component stresses of
this component solely depend on the input voltage vac and the input power Pac of the
PFC rectifier, if triangular current mode (TCM) operation is used [16]. Thus, the current
ripple ipc pkpk in the input inductor is directly given by the input power of the converter
(iac,pkpk(t) =~ 2ipc - | sinwt|, iac = 2Pac/oac) and does not depend on the intermediate
DC-link voltage Vppc. In contrast to the current ripple, however, the variable switching
frequency fqwprc(t) in TCM is affected by the variable output voltage Vpgc, according to

bac 03¢ - | sinwt|

fsw,PFC(t) = 1)

- 2~ ~ 7
2Lprciac 2LprciacVprc

where w, 95¢, iac and Lppc denote the mains frequency, the single-phase input voltage
amplitude, the amplitude of the fundamental component of the input current and the
inductance of the inductor in the PFC stage, respectively. Thus, the minimum switching
frequency fgy PFCmin is slightly increasing with the output voltage Vpgc, according to

5 2
OacVPEC — 03

@)

in(V} = 3
f sw,PFC,min ( PFC) 2 LPFC iAC VPFC

Nevertheless, as the residual switching losses in TCM are small, the slightly higher av-
erage switching frequency does not harm the converter efficiency too much. Consequently,
the only significant disadvantage of this approach are higher required breakdown voltages
of the semiconductors in the PFC stage due to the variable output voltage Vprc. However,
due to the availability of 900 V wide band-gap semiconductor devices even with very low
on-resistance [17,18], the single-inductor approach can be used for comparably wide input
and output voltage ranges.

Thus, depending on the mains voltage and the required output voltage range, the turns
ratio n = npec/nyy of the DC-transformer can now be chosen in such a way, that the
minimum PFC-side referred output voltage n - min{ Vyyy } is just larger than the peak of
the AC input voltage dac.

In the application at hand, a turns ratio of n = nprc/ngy = 1 has been chosen for
simplicity reasons, but it should of course be adapted according to the specified mains
voltage in a final product. However, this does not affect the operation of the system, which
is why the aforementioned turns ratio of n = #rrc/ny = 1 and the specifications of Table 1
are assumed in the further course of this paper.

Another advantage of the DC-transformer is its inherent voltage and power control,
whereby only the input voltage Vppc of the converter needs to be regulated to its specified
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value, independent of the actual output power. This natural power balancing is shown in
Figure 2 based on the simulated current and voltage waveforms. As illustrated in Figure 2a,
the transformer current it ppc automatically reacts on a load step in the output current Iy
of the HV-port, by reducing its amplitude within a couple of cycles, before reaching its new
stationary value. Due to the equal port voltages Vprc and n - Viyy and the synchronous
operation of the PFC-side and the HV-side half-bridges, the applied voltage-time areas
across the leakage inductance of the transformer are extremely small. Consequently, only a
small resonant inductance is required, which is a particular advantage in designs with PCB-
winding transformers, as the achievable leakage inductance in such transformers is strongly
limited [19,20]. However, compared to conventional wire-wound transformers, PCB-
winding transformers are much cheaper to manufacture and at the same time, the vertically
aligned arrangement of the transformer windings mitigates HF conduction losses to a large
extent [21,22]. Consequently, this sort of transformer should be used whenever possible
and reasonable.

A
Uprc

HV

I
HV
V4
<« ”
a) tZ()()Hl
A
X 2 Uy
Yppc
/\V T,PFC /_\
= PFC.a —

_|—§7—Hv-a — l__:
M —— t=_HVb —

b)

zoom

Figure 2. (a) Voltage and current waveforms in the SRC part of the converter for a disconnected LV-
port and a step in the output current Iyyy of the HV-port. (b) Zoomed-in view of the aforementioned
waveforms, including the gate signals of the power switches PFC.a, PFC.b, HV.a and HV.b.

To date, only the power flow from the PFC-port to the HV-port has been considered
and the advantages and disadvantages of the selected topology have been highlighted.
However, there is also a small power flow from the PFC-port to the LV-bus required,
which is why a third transformer winding is necessary in order to be able to extract the
power for the LV-bus directly from the common transformer core. Due to the extremely
small leakage inductance in the PCB-winding transformer, the LV-sided winding voltage
vty is given by Vpgc - v/nprc and should not be forced to a different value, as otherwise,



Electronics 2021, 10, 2543

6 of 26

the resonant tank for the power flow from the PFC to the HV-port would be affected
too much and the SRC would not work properly. However, as the LV-bus voltage Viy
varies between 10.5V and 15V, at least one inductive component needs to be employed,
which can take the voltage difference between vty and Wiy (cf. Figure 1). Consequently,
the PFC output and the HV-port act as voltage sources, whereas the behavior of the LV-port
corresponds to a current source due to the aforementioned inductive components. In order
to control the power, which is extracted from the LV-winding, it is inevitable that the two
output inductors L, and Ly, can be both, actively connected as well as actively disconnected
to/from the LV-winding. This can be achieved by means of the proposed LV-sided circuit,
whose simplified control is explained in the following.

2.2. Charge Mode Operation—Control of the LV-Port

The control of the LV-port power switches can be divided into two identical time
intervals: The first half period (0 < ¢t < T/2), where the LV-winding voltage vty is positive
and L, can be applied to the LV-winding, and the second half period (T/2 < t < T), where
vTLv is negative and L, can be applied to the LV-winding. Starting with the first half
period and the initial conditions shown in Figure 3a,e, where the two currents in the output
inductors L, and Ly, are circulating through the switches LV.1a and LV.2a, the switch LV.1b
is blocking and prevents vty from being applied to L,. After a certain time ¢;, LV.1a is
switched off and, due to the negative current iyy, in L,, the Coss of LV.1a is charged until it
reaches vry. Subsequently, the body diode of LV.1b starts to conduct, whereby this switch
can be turned on under ZVS conditions. From now on, vty is directly applied to L, and
the current in this inductor starts to increase again (cf. Figure 3b). Att = T/2, the PFC-
side and HV-side half-bridges are switched and vty becomes negative. Consequently,
as vty < 0O, the current iry, commutates back to the body diode of LV.1a, whereby this
switch can be turned on under ZVS conditions as well. During the second half period, i ,
continues to circulate through LV.1a, which is why the active period t,, where the current
in L, is increasing, cannot exceed a value of 7/2. If L,, LV.1a and LV.1b are considered as a
conventional step-down converter, this statement is equivalent to allowing a maximum
duty cycle Dry of 50%. Hence, according to the well known formula for buck converters

Vour Vv

= =D <05, 3
Vi |oT V] )

the minimum winding voltage |vry| needs to be larger than twice the maximum LV-bus
voltage V1y in order to keep the required duty cycle below 50%. This limit sets the following
constraint for the numbers of turns of the transformer windings:

2- nyy - max{VLV}
ny - min{ Vigy }

< 0.5. @)

During the second half-period, where vt1y is negative, the second step-down con-
verter (Ly, LV.2a and LV.2b) is controlled exactly the same way as previously explained for
La, LV.1a and LV.1b. Hence, the only difference between the two sub-converter modules is,
that their active periods are phase-shifted by 180°.

Obviously, ZVS of LV.1b and LV.2b is only achieved, if the currents in the respective
output inductors are negative before the switches are turned on. However, as the switching
frequency fsw in CM is given by the resonant frequency of the resonant tank between
the PFC and the HV-port, and the duty cycle Dry is defined by (3), there is no degree of
freedom left, which would allow to control the current ripple in L, and L}, during CM
operation. Consequently, the current ripple can only be influenced during the design
phase of the converter by an appropriate selection of the inductance value of L, and Ly,.
The inductance should be selected in such a way, that ZVS for at least the maximum
expected LV output power during CM (300 W in this application) is guaranteed. However,
a too small inductance results in a large current ripple and in unnecessary conduction
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losses in the LV-port, as this ripple current flows even for zero LV output power. This
behavior is illustrated in Figure 3e, where the triangular currents iry, and iy, fluctuate
around their average value iayg With a constant ripple of 2 - (ipk — favg), even if izyg and
therefore the LV output current Iy are set to zero. Fortunately, this ripple current has a
beneficial effect on the overall converter operation, as it assists the ZVS operation of the
PFC and the HV-sided power semiconductors, as will be explained later in this paper.

. LV.1 : .
T LV Volbg La T LV LV.1bg La
| |
OJH_ : Vv : Viv
'_L rep——" | o
vTLv -
O-||<-
LV.2a .
Il
1¢T == 1T T‘

a) (t=t) vt D

A
(3 (Y
|,/ TLV TLV~ |
D~
| |
2 LVa LVb
pk—=- & 4

Zavg¢ /‘\ /\
byvs™|
HV.a 1 [ ]
HV.b [ ] —
LV.1a I ] — o
LV.1b [ ] [ N
LV.2a | [ I
LV.2b | i | [ ! —

1, t, t, ,
e) T

Figure 3. (a-d) Current paths in the LV-port during the time intervals t = #;, ..., t4, and (e) the voltage
and current waveforms in the LV-port including the gate drive signals of all power switches.

2.3. Drive Mode Operation

In contrast to the charge mode (CM), there is no power flow in the PFC-port of the
converter in drive mode (DM) operation, which is why the SRC is not operated anymore.
Instead, the HV-port now actively applies a rectangular voltage vty to the transformer,
as the power for the LV-bus is now drawn from the HV-battery. Consequently, the oper-
ating conditions for the LV-port do not change compared to the previously introduced
CM operation, as there is again a rectangular voltage vy induced in the LV-winding.
However, there is one important difference between the CM and the DM, as in DM, there
is no resonant power transfer required and the constraint of a fixed switching frequency
can therefore be loosened. Thus, the previously mentioned negative inductor currents
irvx = —Izys, x € {a,b} during the switching transitions can now also be ensured for LV-
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output power values larger than 300 W, as the switching frequency fsw can be reduced,
whereby the current ripple is increased.

Hence, the converter is controlled by means of a variable switching frequency fsw
and a duty cycle Dry according to (3), as usually referred to as triangular current mode
(TCM) operation [16,23] (cf. Figure 4). The optimum switching frequency fsw can be
calculated based on the momentary output current I;y and the required ZVS current Iys,
according to

. Wy - (Jotv] — Vi) }
= min , . , 5
Jow {fres lotiv| - La - (Iy + 2Izys) ©)
with "
loriy| = Vay - —-. (6)

npv

fsw
ﬂ/® /V Duty Cycle D, ,, = const.

f SW,max
f sw,min
N N >
a) P PLV
LV, max

SN T
oh S N

~
1

V4
X“/\ N

NS ,
avg

@/\/\/\‘

b) T max

min

,LLV a

aN

V4 >

ZLV

~N

Figure 4. (a) Switching frequency variation in drive mode for a constant output voltage Viy and a
varying output power Py and (b) the current waveforms for three exemplary output power levels

@, and ©

The upper limit for the switching frequency is selected as the resonant frequency fres
of the resonant tank between the PFC rectifier output and the HV-side, in order to limit the
remaining switching losses during the dead times of the power switches and to avoid pos-
sible timing issues due to a limited PWM resolution of the control hardware. Nevertheless,
this limit could of course also be increased if reasonable from an efficiency perspective.

To date, most of the components in the converter have been assumed to be ideal.
However, in a real application, all the non-idealities of the components, as, e.g., the Coss Of
the power switches, the parasitic inductances of all power tracks, etc. need to be considered
as well. This is done in the following section and their impact on the converter operation is
investigated in detail.

2.4. Impact of Parasitics on the Converter Control

The current source behavior of the LV-port, which can be connected/disconnected
to/from the LV transformer winding, inevitably results in a problematic situation during
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the switching transitions, as the small, but still existing, leakage inductance of the LV
transformer winding prevents current steps in itry. Hence, if L, is connected to the LV-
winding with a non-zero current ityy, iy would need to take over the momentary value
of iry}, instantaneously. However, this would theoretically require an infinite voltage vty
across the LV transformer winding, which would result in a voltage breakdown of LV.2a.
Consequently, an additional small overvoltage circuitry is required, which acts as an energy
buffer for the time Ti; required to equalize the two currents i1y}, and ity (cf. Figure 5).

: LV.1b b .
iTLV T_TT— La (9%
n > , = o Ve
. ) i
UT,LV o brvae ivic La

b -«
b T,LV
a) ) tzoom
L
”lLa
I » tr > = .
ZVSs ZLb
d i
3 74 LV2c
ZLVZ(: dt ‘
i v
d,
dt ‘T.LvV
C) tzoom

Figure 5. (a) Additional overvoltage protection circuit (shown in blue) comprising the two small
MOSFETs LV.1c and LV.2¢, as well as the capacitor Coy across which vey is applied. (b) LV-side
current waveforms during one period and (c) zoomed-in view of the same waveforms during a

switching transition.

As shown in Figure 5¢, the current in the LV-winding ityy starts at zero and should
ideally immediately take over the current Izyg impressed in L}, at the beginning of the
switching transient. However, the gradient of the current rise of ity is given by

d. Vov — "/ npv - UTHV
qiT = T , (7)
o,eff LV
with
Ly prcLoav

®)

Ly ettiv = Loy + ,
= ’ Ly prc + Lopv

where L, x denote the leakage inductance values of the respective transformer windings.
Consequently, i1y cannot take over iy}, immediately, as the capacitor voltage v,y cannot
be higher than the breakdown voltage of the LV power semiconductors. As a result,
a current ipy. starts to flow in order to compensate for the difference between the two
currents ity and ipyp. As soon as ity is equal to ityp, iLy2c is zero and the transition
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is completed. The time Ty, which is required for this transition, depends on the initial
negative current Izys and can be calculated according to

|Izvs|Lg et v Lo
Ly, (vov — "v/nuy - 0THY) + Lo eff v (Tov — Viv)

Ttr - (9)

Hence, the total charge Qov which is flowing into the capacitor Co, within one switch-
ing period is given by

Quv =2 ( 3ltzvslTic ). 10)

In order to achieve a stable v,y and therefore a stable charge balance in Coy, the aux-
iliary switches LV.1c and LV.2c need to be actively connected to the transformer at some
point in time, such that the same amount of charge is extracted, as otherwise, v,, would
continuously be increasing. The most intuitive solution would be to turn on LV.1c and
LV.2c, whenever there is current flowing through their body diode, as this results in ZVS
and therefore the most efficient operation of these switches. By keeping them turned on
for a certain amount of time, the charge, which was injected due to the aforementioned
current difference ity — ipyp, is then fed back to the PFC and the HV-port by means of a
resonant transition between Coy, L ¢ 1v and the capacitive voltage dividers of the PFC and
the HV-port. However, due to the small leakage inductance within the transformer, this
yields very high peak currents in the auxiliary switches and at the same time unnecessary
conduction losses in various components, as there is no advantage which could be taken
from this reactive power flow.

Fortunately, the Eqgss of these auxiliary switches is comparably small, whereby zero-
current-switching (ZCS) operation of these semiconductors does not harm the efficiency
of the converter too much. Thus, the capacitor Coy can be connected to the transformer
winding whenever required and reasonable. Keeping in mind, that the charge in Coy can
only be transferred to the PFC and the HV-port, as the leakage inductance values of the
transformer are much smaller than the output inductors L, and L, the only reasonable
point in time to transfer this energy is during the switching transitions of the two afore-
mentioned ports, as this additional energy supports the ZVS operation of the PFC and the
HV-sided power semiconductors (cf. Figure 6).

For simplicity reasons, the ZVS transition is explained in the following for DM opera-
tion only, as in CM operation, the principle stays the same and the waveforms look similar.

Starting with the initial condition shown in Figure 6c at t = ty, the switching transition
is initiated by turning off HV.a, whereby the inductor current iy, starts to discharge the
parallel connected Coss of HV.a, HV.b and LV.1a, as i1y follows iry,. Consequently, vty
and vty drop synchronously until vty reaches 0 V. At this point (¢ = t1), the body diode
of LV.1a starts to conduct and the inductor current iy, commutates to LV.1a. Hence, due to
UTHY = Upqy, the HV-sided switch-node voltage equals Viv/2, which is why only partial
ZVS would be achieved. However, there is still magnetic energy stored in the leakage
inductance of the transformer, which now starts to further charge/discharge the Coss of
the HV-sided half-bridge until it1y = 0 A. Thus, the larger the initial current ity (1) is,
the more likely a full charge/discharge of the HV-sided Coss is achieved. Unfortunately,
att = tp, the voltages across the HV and the LV transformer windings are different, as vy
is still zero, but vy is somewhere in between 0V and —Vav/2. This voltage difference
initiates a resonant current through the leakage inductance of the transformer between the
Coss of the HV-port and the Cyss of LV.2b, which cannot be avoided and again increases
vty (for tp < t < t3). Hence, it is impossible to ensure full ZVS with the magnetic energy
only. At this point, the excess charge in Coy comes into play, as LV.2c can be switched on in
order to complete the HV-sided ZVS transition by generating an additional positive current
pulse in itry, which charges/discharges the Coss of the HV-side half-bridge completely
(cf. t = t3). However, this comes at the expense of additional switching losses in the
LV-port, as the Coss of LV.2b needs to be charged instantaneously from worst case 0V to
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voy through LV.1c. Nevertheless, the additional losses due to the comparably small Qs Of
the LV power switches are still significantly lower than the switching losses, which would
originate from incomplete ZVS of the HV power semiconductors.
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Figure 6. (a) Overvoltage protection circuit (shown in blue) of the LV side with (b) the correspond-
ing current waveforms during one period and (c) the zoomed-in view of the voltage and current
waveforms during one ZVS transition.

After a certain on-time ton = t4 — t3, the switch LV.2¢ is switched off again in order to
minimize the RMS current stress in this component and to interrupt the discharging of Coy.
The actual length of the on-time ¢y, is controlled in such a way, that the voltage v,y always
stays below the breakdown voltage of the LV power semiconductors, including a certain
safety margin.

Furthermore, from an efficiency point of view, the time interval from ¢#; to t3 should
be as short as possible, as the resonant current during this time interval serves no purpose
and solely increases the conduction losses and extends the total dead time.

However, a certain delay fgejay = 3 — to is required, such that even for the maximum
LV output currents, irry drops to zero before switching on LV.2c. This is important,
as otherwise the small auxiliary switches LV.1c and LV.2c might need to take over the huge
transformer currents during the switching transitions, which can easily go up to 200 A.
Consequently, the control effort can be minimized by keeping a constant £ 4clay, independent
of the operating conditions, whereby ZVS of the PFC and HV semiconductors is guaranteed
over the whole operating range. The optimal value of ¢ 4elay highly depends on the parasitics
of the transformer design, the employed power semiconductors and the output inductors
and are found easiest by means of simulation or experimental measurements.
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Using this control strategy, the voltage and current waveforms in all the components
can be calculated and/or simulated and the converter system can be designed accordingly.
An exemplary design of such a converter is discussed in the following based on the
specifications listed in Table 1.

3. Design of the Converter System

The design of the converter can be divided into three main stages, which highly
depend on each other: First, the selection of the power semiconductors, second, the design
of the three-winding transformer and third, the LV output inductors. Especially the
design of the magnetic components has a significant impact on the current waveforms and,
therefore, the arising conduction losses of the complete converter system. Consequently,
the optimization of the overall converter is an iterative process with multiple sweep
variables, as, e.g., the resonant frequency fres, the output inductance Ly € {a,b} and the
ratio between the resonant inductance and the resonant capacitor.

3.1. Power Semiconductors

Starting with the selection of the power semiconductors for the PFC and the HV-
port, switches are required which feature a low on-state resistance R4, for minimal
conduction losses, as well as an as small as possible Cyss in order to reduce the ZVS effort.
Considering the maximum DC-link voltage of 500 V in both ports, the minimum required
breakdown voltage is selected to be 600 V. The most promising candidates are summarized
in Figure 7a, where the R4 on Vs. charge-equivalent Cyss performances are shown. These
switches were finally considered in the optimization to find the most suitable PFC/HV
power semiconductors.
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Figure 7. (a) Most promising candidates for the semiconductors of the PFC and the HV-port and
(b) the same graph for the LV power semiconductors.
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The selection of the power switches for the LV-side not only depends on the out-
put power, but also on the turns ratio n of the transformer, which directly defines the
required minimum breakdown voltage of the switches LV.xy, xy € {1a,1b,2a,2b}. Hence,
in order to minimize the required total semiconductor chip area, an as low as possible
breakdown voltage should be targeted [24]. However, the previously mentioned limitation
of Dry < 50% yields a lower limit for the minimum vy min (Vv = 250 V) = 30V accord-
ing to (3). Hence, the maximum PFC/HV-port voltage of 500 V results in a o1y max of 60V,
which is at the same time the minimum required breakdown voltage of the LV-switches.
Similar to the PFC/HYV semiconductors, as small as possible Rqs o and Coss values are
in demand for minimizing the conduction and the switching losses in these components.
Again, the most promising candidates are summarized in Figure 7b, which were considered
in the final optimization.

3.2. Output Inductors

The design of the two output inductors depends on the resonant frequency fres and
the desired LV current ripple Aipy pp (fres) in charge mode (CM) operation. The selection of
Aipypp inherently limits the maximum transferable power Pj;, from the PFC to the LV-port,
for which ZVS operation of all power semiconductors can be maintained (cf. Section 2).

Thus, Py, should be at least 300 W in this application, as this power is defined in the
specifications as maximum LV output power in CM. However, the smaller the selected
current ripple Aipy pp (fres) is, the wider the required switching frequency range in drive
mode (DM) gets (cf. Figure 4). A wide switching frequency range, in turn, makes it more
difficult to design an efficient and power-dense transformer, as will be discussed in the next
section about the optimal design of the transformer. For this reason, Pj,,, or equivalently
Ly, x € {a,b}, is considered as a degree of freedom in the overall converter optimization
and for each Ly a separate inductor optimization is conducted.

Based on fres and Ly, the maximum current stresses for the inductor design can be
calculated according to

ILx,pk = ILV,max + IZVS/

I _ ILV,max
LxDC = (11)

IL AC _ ILV,max
x,AC,rms — \[ ~
3

where I1, pc and I1x oc rms denote the maximum DC current and the maximum total RMS
current in the inductor, respectively. Hence, assuming a frequency independent resistance
of the inductor winding, 75% of the arising conduction losses originate due to the DC
component of the inductor current, according to

P I 3
PDC o 5 Lx,DC _ Z (12)
total ILx,AC,rms

Consequently, an as small as possible DC-resistance of the winding is inevitable for
an efficient converter operation. Due to cost reasons, all the magnetic components should
be designed with PCB-integrated windings, as by doing so, the expensive wire-wrapping
process of conventional manufacturing is omitted. However, the available copper in PCB
windings is strongly limited, which is why the easiest way to achieve a low DC-resistance
and at the same time a reasonable power density is, to solder additional copper foils to the
top and the bottom layer of the PCB (cf. Figure 8a). Unfortunately, large copper planes in
PCBs are prone to high-frequency (HF) effects, as, e.g., skin and proximity losses, which
is why the inductor is designed according to the optimization described in [25], where
the HF-effects are effectively mitigated by means of the fringing field around the air gap.
Consequently, for each fres and Ly, the performances of a large number of inductor designs
with different winding widths by, core cross-sections Ac and numbers of turns Ny, are
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calculated and compared to each other (cf. Figure 8b). Finally, the most suitable inductor
design is selected from the so-called Pareto front.
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Figure 8. (a) PCB winding inductor design with Ly = 250nH and the FEM-simulated winding
resistance. (b) Pareto-optimization of a PCB-winding inductor with L = 250nH and fes = 470kHz,
for varying winding widths by, core cross-sections Ac and numbers of turns Ni,. The most suitable
inductor design is finally selected from the Pareto front.

3.3. Three-Winding Transformer

In order to start the design of the transformer, the turns ratio needs to be known.
Due to the large currents in the LV-winding, only a single turn should be used in order to
minimize the arising conduction losses. Consequently, the number of turns of the PFC and
the HV-side winding can be calculated according to the specifications of Table 1 and the
duty cycle limit given by (3) to be

min{ Vuv} - D
NppC = NHY = {TILV 5 -;:(V{}VLV}L VJ =4 (13)

Based on the number of turns and a certain output inductance Ly, the minimum
switching frequency fsw min in DM can be calculated according to

Foomin = Viv,min (Vavmax — 2VivmintHv) (14)
swmm VHV,max Ly (ILV,max + 2IZVS)
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whereby the maximum flux linkage in the transformer core is inherently given by

VHV,max
4- f sw,min

The maximum flux linkage ¥ max, together with the saturation flux density Bsat of
a certain ferrite material, then yields a lower limit for the required magnetic core cross-
section Ac.

However, due to the wide switching frequency variation in DM, it is essential to select
an appropriate core material, which performs well for both, high switching frequencies
and low flux densities in CM, as well as low frequencies and high flux densities in DM.
Ferroxcubes 3C98 has been found to be the most suitable ferrite material for this application,
as it shows a comparably flat loss density pc(fsw) throughout the whole switching fre-
quency range, if the flux density varies inversely proportional to the frequency, according
to B¢ - fsw = const. (cf. Figure 9).

Ymax = (15)
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Figure 9. (a) Magnetic core loss densities of three different materials for a frequency dependent flux
density B¢ as shown in (b), where the switching frequency fsw and the flux density B¢ variation for
different LV output power values are illustrated.

This is equivalent to a Steinmetz parameter ratio of #/p ~ 1.

Similarly to the LV output inductors, a Pareto optimization can now be conducted
based on the derived turns ratio n and the selected core material 3C98 for variable winding
widths by, core cross-sections Ac and different winding layer arrangements.

However, in order to maximize the achievable leakage inductance between the PFC
and the HV-side windings, which is required for the resonant tank in CM, the turns of
these two windings should be separated as far as possible [19]. Furthermore, the large
currents in the LV-winding demand for an extremely low winding resistance, which is
why the available copper of a single PCB layer is not sufficient. Consequently, the top
layer of the PCB has to be used as LV-winding, as it can be vertically extended by means
of an additional copper foil which is soldered to it (cf. layer stack-up in Figure 10a).
The remaining layers can therefore be used for the PFC and the HV-side winding as shown
in Figure 10a. The shielding layer between the PFC and the HV-side winding does not
carry any current and is solely used to assist the cooling of the PCB-winding by extracting
the heat out of the transformer. As shown in Figure 10c, the proposed vertically aligned
arrangement of the PCB-windings effectively mitigates the HF effects, whereby extremely
low AC to DC resistance ratios result. Consequently, this arrangement was considered as
the most promising one in the overall optimization.
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Figure 10. (a) Layer stack-up and the design of the eight-layer PCB winding and (b) the corresponding
3D model. (c) The FEM-simulated frequency dependent total winding resistance of the PFC and the
HV-side winding (sum of the two).

The leakage inductance values of a specific transformer design can be calculated as
introduced in [20] and inherently define the required resonant capacitance Cyes according to

cresz( L )2 ! (16)

: 7
2n f res L(T,PFC—>HV

where L, prcpy denotes the total leakage inductance between the PFC and the HV-
side winding.

Hence, the derived transformer model, the inductor optimization as well as the
semiconductor pre-selection can now be used for the Pareto optimization of the overall
converter system.

Thus, for different Py;,,,, and therefore Ly, the arising losses in the magnetic components,
as well as the losses in the power semiconductors can be derived and are then set in
relation to the total required PCB area of the transformer, which is by far the largest power
component of the converter and therefore is a good measure to estimate the power density
of the overall converter system.

The results are shown in Figure 11 for full-power operation in CM, hence a power flow
of 3.6 kW from the PFC to the HV-port and zero power from the PFC to the LV-port. Thus,
only the current ripple Aipy ,, with 0 A offset is circulating in the LV-port, which ensures
the necessary ZVS of the PFC and the HV-side power semiconductors. The additional
conduction losses due to this circulating current in the LV-port are indicated by means of
the colors of the different converter designs, whereby these losses are an optimistic estimate,
as for simplicity reasons, only the losses in the main power components, but not in the
connecting PCB tracks in between these components are considered. In the same figure,
the red circle specifies the converter design, which has finally been selected for hardware
implementation, in order to experimentally verify the performance and the suitability of
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the proposed topology. The estimated efficiencies of the selected converter design are
summarized in Figure 12 for full-load operation in CM (a), partial-load operation in DM
(b) and full-load operation in DM (c).
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Figure 11. Calculated Pareto fronts for different P, a power flow of 3.6 kW from the PFC to the
HV-port and 0 W from the PFC to the LV-port, hence, only the ripple current is flowing in the LV-port.
The colors of the dots indicate the amount of losses, which are induced in the LV-port due to these
circulating currents.

In DM especially the partial-load efficiency is of importance, as the converter is
operated most of the time with a partial load of 30-50%. In contrast, an as high as possible
full-load efficiency in CM is required, as during the charging process, the converter is
operated at full load almost all the time. However, as already mentioned, these efficiencies
are a very optimistic estimate, as in the real hardware prototype, the huge LV-port currents
do not only flow through the LV-winding and the LV-inductors, which are considered in
the efficiency calculation, but also in the connecting PCB tracks and the necessary vias,
where substantial additional conduction losses are induced. Unfortunately, these losses
cannot reasonably be considered in the optimization, as they highly depend on the final
PCB design. Consequently, much higher LV-sided conduction losses and therefore a lower
overall efficiency is expected in the hardware prototype.
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Figure 12. Calculated efficiencies of the selected converter design for an output power of
(a) Pyv = 3.6kW and Py = 0W in charge mode (CM) operation, (b) Py = 1.5kW in drive mode
(DM) operation and (c¢) Py = 2.1..3kW in DM operation, which is limited by the maximum allowed
output current Iy of 200 A.

4. Experimental Verification

Based on the results of the aforementioned optimization, the most promising design
has finally been implemented in hardware to test the suitability of the proposed converter
topology. The characteristic parameters of the selected converter design are summarized in
Table 2 and the employed power components of the individual converter ports are listed in
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Table 3. Furthermore, the complete converter is controlled by means of a STM32F303 DSP
in combination with a small MachXO2 FPGA, which generates the different gate signals
and ensures the appropriate dead times.

The hardware design of the PCB-winding transformer corresponds to the one shown in
Figure 10b with a winding width by of 13 mm, whereby the PCB-winding is implemented
in an 8-layer 70 pm PCB with an overall thickness of 2.4 mm (for isolation purposes).

Table 2. Operating parameters of the 3.6 kW three-port DC/DC converter hardware prototype.

Resonant Frequency fres 470kHz
Minimum Frequency fmin 155kHz
Output Inductance Ly 256nH
Power Limit Piim 600 W

Table 3. Component specifications of the 3.6 kW three-port DC/DC converter hardware prototype.

PFC-Port HV-Port LV-Port
Power Switches GS66516B GS66516B TAUT300N08
Leakage Ind. L, x 83nH 59nH 25nH
Resonant Capacitors 800nF 800nF -

Furthermore, the thickness of the additional copper foil for the LV-winding is 0.4 mm
and the minimum core cross-section Ac is 290 mm? (cf. Figure 13a).

55mm b 25mm

Thermal

46mm Interface

a)

Figure 13. (a) Dimensions of the PCB-winding transformer of the hardware prototype and (b) the
dimensions of the employed PCB-winding inductor.

The two capacitive voltage dividers of the PFC and the HV-port comprise 16 individual
100nF SMD capacitors (C4532NP02E104) each (8 on the top layer and 8 on the bottom
layer of the PCB), in order to minimize the total ESR of the capacitor banks and, therefore,
the arising conduction losses as well.

Hence, each capacitive voltage divider consists of two equivalent 800 nF capacitors,
whereby the total effective resonant capacitance between the PFC and the HV-port is
800 nF as well. This resonant capacitance, in combination with the expected total leakage
inductance between the PFC and the HV-port of 142 nH, results in the targeted resonant
frequency fres of 470 kHz.

The inductance of the output inductors is given by the optimized design as Ly = 256nH,
which is why the minimum switching frequency fsw min can be calculated according to (14) to
be fowmin = 155kHz.
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The dimensions of the PCB-winding inductor design are summarized in Figure 13b,
where the thickness of the additional copper foil on the top and on the bottom layer is
again 0.4 mm. In order to improve the thermal coupling between the inductor winding
and the heat sink, additional thermal interfaces are used, which are directly attached
to the water-cooled heat sink through galvanically isolating thermal interface materials
(TIM-Bergquist Gap Pad TGP HC5000). The additional copper foils for the LV inductor
winding, on top and on the bottom of the PCB, are extended towards the output capacitors
of the LV-port, in order to minimize the overall resistance of the current paths, as shown in
Figure 14, where the fully assembled converter and the dimensions of the complete hard-
ware prototype (including heat sink volume) are depicted. The water-cooled aluminum
heat sink (not visible in this figure) covers the complete bottom side of the converter and is
screwed to the PCB in order to optimize the thermal interface between the PCB and the
heat sink and to ensure short thermal paths from each component to the aforementioned
common heat sink.

Transformer DSP LV-Inductor
LV-Switches

HV-Port

HV GaN Switches Current Measurement

HV Resonant Capacitors 80 mm
PFC Resonant Capacitors

PFC GaN Switches
Auxiliary Power

PFC-Port

137 mm h =21 mm

Figure 14. Hardware prototype of the 3.6 kW three-port converter system with a total height of
h = 21 mm (including heat sink volume).

4.1. Measured Waveforms in CM

The experimentally measured waveforms in charge mode (CM) operation are shown
in Figure 15 for exemplary full-load operating conditions with port voltages according
to Vppc =400V, Vgy =400V and Viy = 15V and a power flow of 3.3 kW from the PFC
to the HV-port and 300 W from the PFC to the LV-port. It should be mentioned, that the
switching frequency in CM in the hardware demonstrator was set to 430 kHz instead of
470kHz, as the measured total series-resonant inductance was slightly higher than the
calculated L, prc_ v, as the connection from the switch-nodes of the half-bridges to the
transformer windings also contribute to the total series-resonant inductance. Consequently,
the measured resonant frequency fres is somewhat lower, which is why the converter was
operated with a switching frequency of 430 kHz only. Furthermore, it can be noticed, that
almost the full LV winding current i1y is mapped to the HV-winding, whereby the PFC
winding current ippc is not really affected by the LV-port. This asymmetry originates from
the fact, that the coupling between the HV and the LV-winding is much stronger than the
coupling between the PFC and the LV-winding, as the distance between the PFC and the
LV-winding is more than twice the distance between the HV and the LV-winding.

However, this asymmetry is intended, as due to this winding arrangement, during the
switching transitions of the PFC and the HV-port, the switch-node currents ippc and ifpy
have different signs. Consequently, absolutely synchronous ZVS transitions of the two
switch-node voltages v, prc and vy, v are achieved, as the Cyss of the two half-bridges
are synchronously charged/discharged. This is important, as otherwise, a comparably
large voltage-time area (Ugy prc — Usw,Hv) across the small resonant inductance L, prc—Hv
would be applied, yielding a distortion of the resonant currents ippc and iy during the
transitions. Thus, the proposed layer stack-up of Figure 10a should always be used for this
topology, if a proper ZVS performance of the converter should be guaranteed.
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Figure 15. Experimentally measured PFC-sided switch-node voltage v, prc and the three winding
currents ippc, igy and iy of the PCB winding transformer for nominal operation in CM with
VPFC = VHV = 4OOV, VLV =15V, PHV =3.3kW and PLV = 300 W.

It needs to be mentioned, that due to the high level of system integration of the
hardware demonstrator, only the PFC-sided transformer current ippc can be measured
accurately by means of a Rogowski current transducer (PEM CWT Ultra-mini, attached
around the orange copper loop in Figure 14). The HV and the LV-sided currents ipyy
and iy were measured by means of a current sniffer probe (AimTTi I-Prober 520), which
allows for contactless measurement of a current in a PCB track, based on its surrounding
magnetic field. However, this method can only be used for a qualitative measurement, as a
quantitative measurement, even with calibration, is extremely difficult in a densely packed
converter. Fortunately, the magnitudes of the contactless measurements ifjy and i1y can
easily be estimated based on the accurate PFC current measurement ipgc.

The experimentally measured efficiency curves in CM for nominal LV-port operation
(Viv = 15V and Py = 300W) and variable HV output power Pyy, for the maximum
and the minimum HV-port voltage are shown in Figure 16. For the nominal HV-port
voltage (Virv = 500V), a high full-load efficiency is achieved, as the 650 V semiconductors
are optimally utilized, with a high voltage and a comparably low current. However,
the efficiency drops significantly for partial-load operation, as the peak-to-peak value of
the circulating current in the LV-port is proportional to Vijy and, therefore, results in a large
constant loss-offset, which gains more and more impact on the efficiency, the lower the
total output power is. Nevertheless, this was expected beforehand as it is a characteristic
behavior of this topology. For the minimum HV-port voltage (Vizy = 250 V), however,
the picture changes completely. Hence, the full-load efficiency is comparably low, as the
650V semiconductors are poorly utilized due to the low voltage and the resulting high
currents, whereby the achievable efficiency is mainly limited by the conduction losses in
these components. In contrast, the low Vyy reduces the circulating current in the LV-port,
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whereby the partial-load efficiency is significantly increased. However, all the measured
efficiencies are slightly lower than the calculated efficiencies for the ideal system, which
has mainly two reasons: On the one hand, the conduction losses in the LV-port are much
higher than calculated, due to the previously mentioned additional current paths on the
PCB, which are required to interconnect the various LV-sided power components. On the
other hand, the junction temperatures and the respective temperature dependent Rpg o
of the power semiconductors were calculated in the optimization based on the thermal
model of the ideal thermal path from the semiconductor package to the heat sink (including
thermal vias and TIMs). However, in reality, the idealized calculated thermal resistances
can hardly be achieved, as the employed semiconductor packages are designed for bottom-
side cooling, whereby all the semiconductor losses need to be dissipated through thermal
vias in the 2.4mm PCB and through the galvanically isolating TIM into the heat sink.
Unfortunately, all these thermal vias in the footprints of the power switches make it more
difficult to properly solder the switches to the PCB, as most of the solder paste is extracted
through these vias during the reflow soldering process. Consequently the assumed ideal
attachment of the switches to the PCB is hardly achieved, whereby the resistances of the
thermal paths are increased. Consequently, the junction temperatures, as well as the Ryg on,
were slightly underestimated in the optimization, which has a significant impact on the
arising conduction losses, especially for GaN semiconductors. For this reason, it might be
beneficial to use top-side cooled semiconductor packages, as both, the solder joints as well
as the thermal coupling between the switches and the heat sink would be improved (at the
expense of a more complex heat sink design).

94
93 +
92

Efficiency
Target

Measured Efficiency 7 (%)

91 | : | —o— Ty (Vi = 500V) |
90 ' 30%-50% —o— Ny (Vigy = 250V) | 1

. ‘Load (DM)! ]
89 0 ( ) +7]D1\1(VHV — 500V)

88
87

0 500 1000 1500 2000 2500 3000 3500
Output Power (P, in CM/P,  in DM) (W)

Figure 16. Experimentally measured converter efficiencies in CM for the maximum and the mini-
mum HV-port voltage and a constant output power in the LV-port of Pry = 300W at V1y = 15V.
Furthermore, the efficiency in DM for a Viyy of 500V and a Viy of 15V is shown. The efficiency
targets of 95% at full load in CM, as well as partial load in DM are easily met.
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Nevertheless, the efficiency target of 95% at full load in charge mode is easily met,
whereby the proposed topology has been proven to be a reasonable solution for three-
port EV charging applications. In the following subsection, the converter performance is
investigated in the second operating mode, the drive mode operation.

4.2. Measured Waveforms in DM

The experimentally measured waveforms in drive mode (DM) operation are shown
in Figure 17, for exemplary partial-load operating conditions according to Viy = 400V,
Viv = 15V and Py = 1.5kW. In order to ensure ZVS of the LV-sided semiconductors,
the switching frequency is set according to (5) to fsw ~ 285 kHz, whereby ZVS is guaran-
teed and at the same time the conduction losses are minimized.

500 T T T
>
%0 EUSW,HV
= 0r 7
= i i ;
~ 0 1.75 3.5 5.25 7
Time ¢ (us)
50 T T T

—HV ZVS
o~ LV.zc Current Pulse

0 1.75 3.9 5.25 7
Time t (ps)

Figure 17. Experimentally measured HV-sided switch-node voltage vsy 1y and the HV winding
current ifpy of the PCB-winding transformer for nominal operation in DM with Viyy = 400V,
VLV =15V and PLV =15kW.

Furthermore, the additional short current pulses through the auxiliary switches LV.xc,
x € {1,2}, during each HV-sided switching transition can be observed. It needs to be
mentioned, that the correct timing of the LV.xc switches is extremely important in a real
system, as a slightly too early turn-on of these switches significantly increases the arising
conduction losses in them. In contrast, a delayed turn-on in DM does not really have a
negative effect on the operation of the converter, as there is no resonant current flow in the
transformer, which could be distorted by an asynchronous switching transition of the PFC
and the HV-sided half-bridges.

However, in CM, a delayed switching transition indeed distorts the resonant current
from the PFC to the HV-side, which in worst-case could lead to a destabilization of the
resonant operation, as mentioned in the previous section. Hence, an extremely precise
timing is especially important in CM, but unfortunately also very challenging to achieve.

In order to circumvent the timing issue, if, e.g., a slow DSP or FPGA should be
employed, passive diodes can be used instead of LV.xc, whereby the excess charge in Coy
needs to be transferred to the LV-port by means of an additional circuitry. In case of only
small Qov (10), a Zener diode (Vz) can be connected between the positive Coy potential
and the positive Viy potential, which keeps Vo at Viy + Vz (cf. Figure 18a). This is the
simplest and most reliable solution, but at the same time also quite inefficient, as a large
fraction of Eqy = fow - Qov - Vov is dissipated in the Zener diode. Hence, for large Ey,
it might be better to employ a simple additional miniature step-down converter, which
keeps Voy at a specified level and feeds the excess energy to Viy (cf. Figure 18b). Even
though these additional auxiliary circuits slightly increase the total number of components
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of the converter, the partial-load efficiency could be significantly increased, as the arising
switching losses during the switching actions of LV.xc (due to the Qqss of LV.xc and LV.xb)
could be circumvented.
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Figure 18. Alternative over-voltage protection circuits using (a) two passive diodes and a Zener
diode and (b) two passive diodes and an additional miniature step-down converter.

However, with an appropriate control hardware, the two auxiliary switches can be
controlled as described in Section 2.2, whereby the experimentally measured efficiency
of Figure 12 (red line) for the nominal port voltages Vizy = 500V and Viy = 15V and a
variable Pry can be found. Similar to the efficiency curves in CM, two main loss mechanisms
can be observed: On the one hand, the inherently given circulating current in the LV-port
reduces the achievable low-load efficiency, whereby the huge currents in full-load operation
induce substantial overall conduction losses in the converter, limiting the achievable
full-load efficiency. Nevertheless, the targeted partial-load efficiency of 95% in nominal
operation can still be met, whereby the proposed topology has also be proven to be a
reasonable solution in drive mode operation.

A direct comparison of the performance of this new topology with state-of-the-art
solutions is not trivial at this point, as the integration of the single-phase on-board charger
with the DC/DC step-down converter is not yet a widely used industry standard. Conse-
quently, hardly any systems with similar specifications have been presented in the literature
so far with which the proposed topology could be compared. Nevertheless, it is possible
to get a good impression of the performance of the system presented by comparing the
efficiency and power density with an isolated two-port DC/DC converter with similar spec-
ifications [13] (PCB-integrated magnetics, 3kW, Vi, =400V, Vot = 12 V), which could be
used in EV applications as supply for the LV-bus. It is found, that both the power density
(164kW L1 vs. 21.1kW L) and the efficiency (95.6% vs. 96.6%) are only slightly lower
in the three-port system, even though there is an additional isolated power path (3.7 kW)
between the PFC and the HV port included. Thus, with the proposed three-port DC/DC
converter and an additional non-isolated PFC rectifier, a complete three-port EV charger
could easily be built. In order to obtain the same functionality with the two-port converter
of [13], not only an additional non-isolated PFC rectifier, but also an isolated 3.7 kW DC/DC
converter between the PFC port and the HV port would be required. Taking into account the
power densities mentioned above, this would mean that the additional DC/DC converter
should have a maximum volume of Viax = 37kW/164kwWL-! — 37kW/211kwL-! = 50 cm®
so that in the end both chargers would be the same size. However, the additional converter
can hardly be built so small and at the same time efficient enough, which is why the
proposed three-port system has clear advantages in terms of size.

Even though the proposed topology is perfectly suitable for the application at hand,
there is still room for improvement in terms of hardware implementation, as especially the
partial-load efficiency in nominal CM operation is limited by the large circulating currents
in the LV-port. Hence, in order to increase the partial-load efficiency in CM, somewhat
larger output inductors should be used, whereby the peak-to-peak and the RMS value of
the current ripple is reduced. However, this would require a larger transformer core cross-
section, resulting in a reduction of the power density of the converter. Furthermore, a more
sophisticated cooling concept might be beneficial, where either top-side cooled packages of
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the power semiconductors are used, which are then connected to the common heat sink by
means of heat pipes, or cold welding instead of soldering of the switches could be used,
in order to improve the joint between the switches and the PCB, whereby the thermal
resistance from the semiconductor chip to the heat sink is significantly reduced. However,
the application of these methods is always a tradeoff between additional manufacturing
costs and the achievable advantages in terms of system performance.

5. Conclusions

In this paper, a novel three-port DC/DC converter topology for automotive appli-
cations has been proposed and analyzed. The topology comprises a combination of a
series-resonant converter (SRC), which interconnects the DC-link capacitor of an upstream
PFC rectifier with a high-voltage (HV) battery, and a modified phase-shifted full-bridge
(MPSFB) converter, which connects the aforementioned HV-battery with an auxiliary low-
voltage (LV) battery. The two sub-systems are controlled synergetically, as they share
a common transformer core, whereby the MPSFB can be used to ensure zero-voltage-
switching (ZVS) and absolutely synchronous switching transitions of the PFC- and the
HV-sided half-bridges in the SRC. It is shown, that due to the aforementioned synchronous
switching transitions, an extremely small series-resonant inductance can be used, which is
particularly beneficial, if the leakage inductance of conventional PCB-winding transformer
structures should be used as series-resonant inductance. In order to facilitate a possible
hardware implementation of the proposed topology, simple design guidelines are given
and the ideally achievable converter performance is found based on a multi-objective
optimization. Finally, the suitability of the proposed converter topology has been proven
by means of a 3.6 kW 500V /500V/15V hardware demonstrator with a power density
of 164kW L1, which easily meets the targeted full-load efficiency of 95% for nominal
operating conditions (maximum port voltages) in charge mode (CM), and the partial-load
efficiency of 95% for nominal operating conditions in drive mode (DM).
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