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1 | INTRODUCTION

Abstract

Increasing the power rating of electric vehicles (EV) fast charging stations to reduce charg-
ing times is considered critical to accelerate the adoption of electric vehicles. Besides
increasing the power, other drivers pushing the development of EV fast chargers include
the improvement of efficiency and reliability. Partial power converters (PPC) have emerged
as an interesting option for some of the power converter stages in fast charging stations
due to their potential to increase efficiency and power rating. However, some PPCs oper-
ate as switched autotransformers by using high frequency (HF) isolation transformers but
without providing galvanic isolation. This is a drawback due to cost, size and losses intro-
duced by the transformer. This paper presents a transformerless DC-DC Type I step-up
PPC for a DC-DC regulation converter for EV fast charging stations. The proposed con-
verter replaces the transformer commonly used in Type I PPC by an impedance network,
resulting in a more efficient, cheaper, and less complex converter option. This concept is
verified through simulations and experimentally validated with a laboratory prototype.

particular, the industry has significantly improved EV batter-
ies’ nominal voltage, shifting from typical 400 V architectures

Electric vehicle adoption has been increasing over 40% annually
over the last five years, reaching a share of 14% of global sales
in 2022, which led to 2.1% of the worldwide car stock in 2022
[1]. This transition is accelerating mainly due to environmental
concerns, reduction in EV costs, governmental incentives, and
improvements in battery technology (range and lifespan), which
have positively impacted users’ confidence in this technol-
ogy [2—4]. Conversely, the uptake of electric vehicles has been
impeded by the presence of multiple, ever-changing charging
standards and a lack of fast chargers around the world.

The advancements in ion-lithium (Li-ion) battery technology
have positioned it as the preferred choice among EV manufac-
turers, making EVs more cost-effective and practical [3-7]. In

to 800 V. Higher voltage batteries enable an increase in the peak
efficiency for the powertrain and more importantly in the bat-
tery charging process. The development of EV batteries has
gone hand in hand with the progress in battery chargers [3, 4].
Nowadays, commercially available fast charging stations reach
charging rates up to 600 kW per cabinet, and it is estimated
that this charging power will continue to grow as the market
matures [8].

Currently, the mainstream solution for EV fast chatrgers is
a two-stage power conversion system (AC-DC followed by
DC-DC) employing fully rated power converters [3, 9-11]. For
traditional 400 V battery architectures, a typical grid connection
to 400 Vac would require a buck DC-DC stage to regulate the
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FIGURE 1  General Structure of an EV battery charger. (a) With low-frequency isolation. (b) With regulated high-frequency isolation. (c) With untegulated

high-frequency isolation and post-regulation.

battery charging process. In contrast newer EVs employing
800 V architecture battery systems, in most cases the DC-link
will be lower than the battery voltage, requiting the DC-DC
converter to step-up the voltage so the charging process can be
carried out correctly. Several topologies of boost converters for
charging stations can be found in the literature [12—14].

On the other hand, existing regulation requires galvanic
isolation between the battery and the grid, which can be imple-
mented either at low frequency (LF) at the grid side or at high
frequency (HF) as a part of the DC-DC stage [3-5], as shown
in Figure 1. For EV chargers feeding from a common DC bus,
galvanic isolation is still required between EVs, for which the
HF transformer in the DC-DC stages shown in Figure 1b,c
are still necessary [15]. Typical topologies include regulated
DC-DC converters with HF isolation such as the dual active
bridge for configurations like in Figure 1b, and unregulated
soft-switched resonant converters followed by a post-regulation
DC-DC stage for the case shown in Figure 1c. In all these solu-
tions the DC-DC stage connects the DC bus, at the output
of the AC-DC converter, with the battery and is responsible
of controlling the current fed to the battery according to the
charging profile.

The advantage of using a HF isolation stage without reg-
ulation and using a post-regulation DC-DC converter as in
Figure 1c, is that higher efficiencies can be achieved in the iso-
lation transformer due to fixed input-output voltage operation.

When the input voltage of a transformer varies, the magnetic
flux in its core changes accordingly, resulting in a variation in
the output voltage. This voltage fluctuation leads to losses in
the transformer’s core due to hysteresis and the induced eddy
currents [16]. For example, LL.C resonant converters are widely
used in various applications and especially for battery charging,
due to their straightforward design and high efficiency achieved
through zero-voltage switching (ZVS) and zero-current switch-
ing (ZCS) operation. However, this efficiency drops significantly
when the input and output voltages vary, causing the converter
to operate far from its resonant frequency. In order to ensure
maximum efficiency in the operation of the converter, the input
and output voltages of the converter can be maintained at its
optimal operation point, and an additional DC-DC without
isolation regulation stage can be added to allow output volt-
age regulation. In [17], a comparison of the overall efficiency
of a two-stage full-bridge LLLC converter and an HF isolation
converter without regulation that utilizes a post-regulation DC—
DC converter stage is presented. This motivates the search for
more efficient topologies for the regulating DC-DC converter.
An interesting alternative are partial power converters (PPC),
a family of converters that can reduce losses, size and weight,
and even the cost of the converter [18-21]. PPCs are charac-
terized by using topologies that process a fraction of the total
power, thus allowing a reduction in power losses and converter
size without sacrificing functionality. Several PPCs, previously
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FIGURE 2  General structure of a PPC DC-DC regulation converter. (a) Type I PPC. (b) Type 11 PPC.
proposed to operate as the DC-DC stage of charging stations, 400-V Arch. 800-V Arch.
are detailed in [20-24]. 100 i i i
As it can be observed in Figure 2, two interconnections’ L AT
possibilities for PPC exist namely, input-parallel output-series 80+ Tesla L ]
(IPOS) or input-series output-parallel (ISOP), also known as Mﬂ.s /
Type L and Type II PPC respectively. In these configurations, 7, g 60 1
represents the power handled by the converter, P, represents 5
the power that goes directly to the battery, and P, represents X 40+
the total power delivered to the battery, that is, 7, = P, +
P, The voltage withstood by the converter is denoted as 17, 20 Type | Porsche
while the input and output voltage of the DC-DC regulation Type |l Taycan
stage are represented by 17, and 1/, respectively. The voltage 0 0.5 1 ‘ll 5 2
1, of Type I converters is determined by subtracting the input Gv
voltage 1; from the output voltage 1/,. Type I PPCs connect the
voltage T/],[ in series with the output, making it more suitable for FIGURE 3  Partial power ratio converter of Type I and Type 11 PPC.

voltage step-up applications (resulting in a positive 17,), since
it only requires a unidirectional converter. On the other hand,
Type II PPCs localize the voltage 1, at the input, leading to a
change in 17, polarity. In this case, these converters are better
for step-down processing with a unidirectional converter. Please
note that, it is also possible to implement step-down Type I or
step-up Type II PPCs; however, the need for bidirectional con-
verters diminishes their appeal for such applications. In order
to evaluate the level of partiality of Type I and Type 11 convert-
ers, a partial power ratio K, is defined [18]. This ratio quantifies
the amount of power that is processed directly by the converter
in relation to its voltage gain G, (further details of this ratio are
provided later in Section 2.3). A comparison of the partial power
ratio variation is presented in Figure 3. Assuming a voltage gain
G, within the range 0-2 both types of PPC are compared, since
this is the typical gain of converters used in EV charging appli-
cations for either 400 and 800-V architectures. Please note that
in both cases an input of 450 V is employed. Figure 3 illustrates
that for 400-V systems, such as those employed in Tesla models,
the voltage converters must perform a reduction of the volt-
age. For step-down operations, Type II converters are favoured
because they can function as partial converters over a wider
range, and the amount of power they manage is less than that
of Type I converters. However, for 800-V architectures found in
newer models such as the Porsche Taycan or Lucid Air models,
step-up operation is required from the same input. Hence, for
this mode of operation, a better performance of Type I convert-

ers is clearly shown, since for a step-up operation they require
to process than Type IT converters. Then, if the converter oper-
ating in boost mode, the advantages of Type I over Type 1I
converters can be explained as follows. As displayed in Figute 3,
Type II converters gradually increase the power they handle to
the point of no longer operating as PPC. In contrast, Type I
PPCs do not face operating limits, because they keep operat-
ing in partial power mode despite increasing the converter gain.
Furthermore, Type I PPCs in boost mode process a lower frac-
tion of the power delivered to the battery compared to Type 11
PPCs [19, 25].

However, conventional PPC configurations are characterized
by including a HF transformer in their topology [21, 25]. How-
evet, the HF transformer does not provide galvanic isolation to
the system since the PPCs have a bypass connection between
the primary and secondary of the transformer. This connec-
tion allows part of the power to pass directly without being
handled by the converter, but disables the isolation, hence the
autotransformer nature of such PPCs. In order to meet the iso-
lation requirements, a low-frequency transformer is usually used
as in Figure 1a, or alternatively the PPC can be used as a post-
regulator DC-DC converter as in Figure 1c. The transformer
is there to provide a functional task, which is to inject a series
voltage at the output (I, = I, + 1}, for Type I PPC), or at the
input (I, = I/, + I}, for Type II PPC). The transformer does
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provide an extra degtree of freedom in terms of turn-ratio design
(11:1) that along with the phase-shift operation of the converter
can give more flexibility to the input/output voltage gain. How-
ever, it comes at expense of extra losses, size and cost, without
benefits of galvanic isolation. According to [26—28], by compar-
ing isolated and non-isolated DC-DC converters that feature the
same number of semiconductors, transformetless options can
lead to a cost reduction between 51% and 57%.

In this article, a new transformerless step-up Type I PPC
topology for 800 V battery chargers is presented. The HF
transformer is replaced by an impedance network. This change
makes the proposed converter lose the extra degtree of freedom
by not being able to design the turns ratio of the transformer.
However, the phase shift of the converter generates a duty
cycle through a phase-shift modulation (PSM), which is suffi-
cient to regulate the battery charging process. Furthermore, the
elimination of the transformer increases efficiency and power
density, while reducing cost. The contribution also includes
the switching states analysis, non-linear dynamic model of the
converter, the transfer function derivation, efficiency analysis,
partial power analysis, and the modulation and control of the
system. Simulation and expetimental tests are presented to val-
idate the operation principle of the converter as a DC-DC
regulation stage of an EV fast charging station.

The remainder of this article is structured as follows.
Section 2 introduces the proposed converter, describing its
topology, the principle of operation and the control scheme.
Section 3 shows the simulation results and an efficiency analysis
of the converter. Section 4 provides the experimental vali-
dation obtained in a laboratory prototype. Finally, Section 5
summarizes the conclusions of this work.

2 | PROPOSED PPC CONVERTER

2.1 | Topology description

This work proposes a new transformetless Type I DC-DC
PPC designed to operate as the regulation DC-DC converter
of a battery fast charging station. A conventional Type I PPC is
presented in Figure 4a. It uses a full bridge connected via a HF
transformer to the output rectifier bridge [29, 30]. Note that this
HF transformer does not provide galvanic isolation because
there is an electrical connection between the primary and sec-
ondary windings. This motivates the proposed converter shown
in Figure 4b, where the transformer has been replaced by an
impedance network, this network is composed of an arrange-
ment of two capacitors and an inductor in order to avoid
the HF transformer losses, extra size and cost. Considering
Figure 2a, it can be seen that the proposed converter configura-
tion corresponds to a series-connected Type I PPC. The input
voltage 17, is connected in series to the partial voltage 17, on
the output of the secondary side of the converter.

The proposed converter considers the full-bridge configu-
ration at the input and a diode-bridge in seties to the output,
producing a series voltage between the input DC-link and the
battery. Depending on the switching state of the semiconduc-
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FIGURE 4  Step-up PPC Type I topologies. (a) Full-bridge topology with
transformer. (b) Proposed transformerless full-bridge.

tors, the voltage across capacitors C) or C is connected in series
with the input voltage and the inductive output filter .. PSM has
been employed to generate the switching states. This technique
introduces a phase shift & between the voltages generated by the
legs of the full-bridge in order to regulate the voltage rectified
by the output diode bridge. This phase shift varies within the
range 0-0.5 corresponding to a displacement from 0° to 180°.
Depending on the output requirements, the switching signals of
S, and S, are phase shifted accordingly. Then, since signals 5, and
S, are the binary complement of §, and S, respectively, exhibit
the same phase delay.

The two topologies in Figure 4 use the output inductor L.
to control both the output voltage and current, allowing the
converter to perform the charging process according to the
charging profile imposed by the battery management system
(BMS).

The steady-state waveforms of the converter are shown in
Figure 5a,b show the gating signals of semiconductors S, and .
Additionally the theoretical waveforms of the most important
components of the proposed converter are displayed through-
out a switching cycle. Figure 5c presents the drain to source
voltage of the switch S, over the course of an operation cycle.
Then, Figure 5d,e shows the voltages in the capacitors of the
impedance network. Please note that in steady state these capac-
itors are charged to a voltage level equal to the input, as it will be
explained in Section 2.2. The behaviour of these components in
a switching cycle is demonstrated. In state I, the capacitor C;
is connected in series with the input, which in turn results in a
fraction of the input current circulating in the direction of its
voltage as displayed in Figure 5, hence leading to its discharge.
On the other hand, the capacitor C; is connected in parallel
with the input voltage, and its voltage increases in this state.
Next, during state II, both capacitors are connected in parallel,
and this arrangement is also connected in series with the input.
Since the input current is divided through these capacitors, dur-
ing this state both capacitors reduce their voltages. Later on,
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when state III is generated, the capacitor Cj is charged while the
capacitor C; is discharged, which is the opposite operation of
the aforementioned state 1. Finally, state IV connects the input
source and both capacitors in parallel, resulting in both increas-
ing their voltage. Conversely, Figure 5f,g shows the voltage and
current in the impedance network inductor 7.y respectively. It
is observed that for state I, the voltage applied is the same as
the input voltage 17,, making its current to increase during this

interval. Then, the generation of states II and IV result in a zero-
voltage applied to /.| and thus its current will be kept constant.
Then, during state III, the voltage applied is the negative of the
input voltage 17,, making its current to decrease accordingly.
Following that, Figure 5h displays the current flowing through
the MOSFET §,.It can be seen that it is conducting in both
states in which its gate signal is on. MOSFETs must be able
to handle a current that is larger than the output current of the
converter, which is determined by the alpha displacement factor.
Please note that the other MOSFETSs drive a similar current with
the corresponding phase shift according to the operation of a
voltage-fed full bridge. Now, the current driven by the diodes of
the system is represented in Figure 5i, which displays the current
through the diode D,. The operation of the converter will lead
to the output current converter measured at the output inductor
L, presented in Figure 5j. An important detail to consider is that,
despite the similarity with conventional PPCs, the output signals
do not have twice the switching frequency. Finally, Figure 5k
shows the input voltage and output voltage of the converter,
where the boost property of the converter can be observed.

2.2 | Operation principle
The proposed converter has four switching states obtained by
the switching signals in the active bridge, as shown in Figure 6.
In state I, corresponding to Figute 06a, the capacitor C} is
connected in series with the input voltage and the voltage in
the inductor L to the output. For switching state II shown in
Figure 6b, the two capacitors C} and C, are connected in paral-
lel and, at the same time, this arrangement is connected in series
with the input voltage and output inductor voltage to the out-
put. In state III, capacitor C; is connected in series with the
input voltage and the voltage in the inductor L to and the out-
put, as displayed in Figure 6c. Finally, in state IV depicted in
Figure 6d, the capacitors of the impedance network are con-
nected in parallel with the input of the converter, making the
voltage 1/, equal to zero. Note that the switching states con-
necting the capacitors of the impedance network in series with
the input voltage of the converter define the step-up nature of
the converter.

The state variables equations can be obtained for each switch-
ing state and equivalent circuit of the converter, according to
Figures 5 and 6. Considering 7 as the switching period, yields:

2.2.1 | Switching state I: (§,, 5) = (1, 0), state
duration (0.5 — )7
I diy v
1 dr = Vin
VKZ = I/fﬂ
dV{‘l .
1= =1 €))
diy,
L—r=V,+Va -1,
dv, o
07 =TTy
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duration a7 duration a7
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The state—space representation of the system turns out to be
223 | Switching state IIL: (5, 5) = (0, 1), state non—linear‘ anifdis}clontinluogs, ?11kjng its analysis complex. In
duration (0.5 — @) 7 order to simplify the analysis of the system, state-space averag-
) ing is used. This basic approximation allows removing the HF
diy switching ripple by averaging over one switching period. For
(o =-1, this purpose, a reduced-order dynamic average model is con-
sidered. The average value is calculated over a switching period,
Ve =1 according to:
dV[Z = —; t+T
> ! ® v
di t
L= =V + V-1,
where x7(J) is the average of x(#) over a switching period 7.
iV 8 g P
C, 7” =i —i According to the state-space equations from (1) to (4), the state-
/2

space large-signal average equation for the output inductor can
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FIGURE 7  Gain of the proposed converter as a function of the phase
shift a.

be derived as:

The output capacitor state-space average equation is:

AV, L.
07=Z],_Zo (7)

For simplification purposes, the following hypothesis is
considered:

el =102 = Vin ©)
Rewriting (6) results in:

L%:(OC) (r/a_T/j”)+(T;;—21/w) (1-a) )

Considering the system in steady-state operation, that is,
di . . .
7" = 0, the input-to-output transfer function of the system is

4
obtained, as follows:

7
— = 2—-0 (10)

N

X

From (10) it is clear that the converter is capable of boost-
ing the voltage between a factor of 1.5 and 2 depending on the
phase shift &. The converter gain as a function of the phase shift
a is shown in Figure 7.

2.3 | Partial power converter analysis

In order to analyze the partiality of the proposed converter,
the partial power ratio K, can be defined as the ratio

100 T T T T
Type |
80 Type Il
e 60 7
S
X 401 .
20 n
1 1 1 1
1.5 1.6 1.7 1.8 1.9 2

Gv

FIGURE 8 Partial power operation range for Type I and Type II partial
power converters.

between the power handled by the PPC in relation to the input
power of the whole DC-DC stage:

])
K, =" (11)
Pr ]Jjﬂ

In addition, the converter voltage gain G, can be defined as
the ratio between the output and input voltage:

v,
G, = 7+ (12)

For a Type I PPC, considering ideal components, the partial
power ratio is given by [18, 21]:

1
K,=1-—— 1
) - (13)

On the other hand, the ideal partial power ratio for a Type II
PPC is given by [18, 21]:

K, =G,—1 (14)

The partial power ratio K}, varies depending on the voltage
gain G, of the converter, as shown in Figure 8. This value shows
the proportion of power handled by the converter; the remain-
ing fraction is directly supplied to the battery. Figure 8 shows
the particular case for the converter proposed in this article; the
maximum gain value of the converter corresponds to G, =2, a
value for which the partial power ratio reaches 50%, for Type I
PPC, for the minimum gain value of the converter, G, = 1.5 the
partial power ratio reaches 33%. Hence, the proposed converter
is capable of feeding the load with full power, while processing
only a fraction of it. Several PPC applications have operating
points at which the level of the bias ratio is in similar ranges [21,
31-33]. Figure 8 also shows the behaviour of a Type II PPC in
the same operating range. It can be seen that within the entire
operating range the partial power ratio for a Type II PPC is
higher than for a Type I PPC, that is, the power that the Type II
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FIGURE 9 Constant current/constant voltage control scheme.

converter will handle is higher, so choosing a Type I converter
is better suited for this application.

2.4 | Control scheme

A conventional cascaded control scheme is used to regulate the
charging process of the battery, as shown in Figure 9. The exter-
nal PI controller is responsible for regulating the output voltage
of the converter, while the internal PI controller is used to reg-
ulate the output current. The cascade control scheme can be
bypassed to a single output current control loop to implement
the constant current/constant voltage (CC—CV) charging algo-
rithm [34]. During the first stage of the charging process, the
reference for the internal current controller is set to a constant
value indicated by the BMS, so that the charging station can
operate at battery nominal current, hence no external voltage
control loop is needed and is therefore bypassed. As soon as the
battery voltage reaches a value predetermined by the BMS (usu-
ally a value associated with a range between 80% and 90% of the
state-of-charge of the battery), the current reference changes,
from the constant value to the output of the voltage controller,
for which the outer control loop is engaged. During this stage
of the charging process, the battery itself determines how much
current is required to complete the charge without incurring in
damaging over-voltages.

Regardless of the operating mode, the output of the current
controller corresponds to the phase shift &, the same one that,
through a PSM, generates the gating signals for the semicon-
ductors of the proposed converter. The transfer functions used
to design the PI controllers are obtained through a linearization
of the non-linear model given by (10) and (11). This analysis is
presented in Appendix A.

3 | SIMULATION RESULTS

3.1 | Charging process

To further analyze the proposed configuration, a simulation has
been implemented using PLECS software. The battery has been
modelled using an RC Li-ion model [35]. The parameters of the
components used in the simulation are shown in Table 1.

TABLE 1 Simulation parameters.

Parameter Value
Converter nominal power 160 kW
Input voltage 400 V
Nominal output current 200 A
Output inductor /. 180 uH
Impedance network inductor 7 250 uH
Impedance network capacitors C} » 200 uF
Switching frequency 20 kHz
Battery capacity 60 kWh

200[——T={ y
' |
|\\ L
- AN *149
160 AN ',
= AN Voltage &
= 120 ' o current control N
C : N, (a)
g 80_Current ' . .
3 control E . .
40 E B 7
0 [ ] 1 1 1 1 - -
5 10 15 20 25 30 35
Time [min]
™ T T T T T
792 v 7
784 5
> ' Voltage &
%772 - | current control (o)
“— 1
g 764 |-Cyfrent E -
ontrol 1 V0
752 E Vo* T
L I ! I 1 I

5 10 15 20 25 30 35
Time [min]

FIGURE 10 Battery charging process with the proposed converter. (a)
Battery current. (b) Battery voltage.

A simulation over a whole battery charging cycle is shown in
Figure 10. It can be seen that the behaviour of the converter
follows the CC-CV charging algorithm. Figure 10a shows the
current injected into the battery during the first five minutes
when the charging station is in CC mode. When the battery
reaches 80% of its state-of-charge, the BMS changes the current
reference so that it is now set by the voltage controller. It can
be seen that the CC follows the nominal current of the charger
until around 6.5 min, the instant in which the current injected
into the battery begins to reduce gradually. The charging pro-
cess continues in a controlled manner until the battery reaches
its maximum charge value indicated by the voltage reference of
the external CV controller, as shown in Figure 10b.
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1 T T T T TABLE 2  Experimental parameters.
Parameter Value
0.981 R ————
= ‘/ Input voltage 17, 150V
Q.
: 0.961 — Output voltage 17, 300 V
8 Output current / 4A
(O]
'S 0.94 B Output current II (charger mode) 3A
=
L Output inductor 7. 1 mH
0.921 7] . -
Impedance network inductor 7 0.625 mH
0.9 | | | | Impedance network capacitors C} 10 uF
2 4 6 8 10 Impedance network capacitors C) 10 uF
Power [kW] Switching frequency £, 10 kHz
FIGURE 11 Simulated efficiency of proposed converter. Battery capacity 10Wh
MOSFETSs C3M0025065D
. . Diodes GD2X20MPS12D
3.2 | Efficiency analysis

To carry out the efficiency analysis of the converter, the ther-
mal modelling tool of PLECS was used for the C3M0025065D
MOSFET and the GD2X20MPS12D diode. Usually, fast
charging stations, in order to achieve a higher power rating,
implement the DC-DC converter as an interleaved connection
of several modules rated somewhere between 10 and 30 kW.
In this simulation a 10 kW rated converter modules has been
considered for the efficiency analysis. The study was carried out
considering an operating power range between 1 and 10 kW for
a 800 V nominal output voltage battery, obtaining the results
shown in Figure 11. As with other DC-DC converters, the
proposed topology can be implemented in an interleaved con-
nection mode across multiple modules to reach higher power
levels. This approach not only enhances power quality and
reduces inductor sizes but also facilitates scalability to achieve
battery chargers with higher power ratings. The interleaved
connection can also further increase efficiency.

The estimated efficiency of the proposed converter is quite
flat over the tested power range, particularly from half to rated
power, and goes from a minimum 97% achieved at low capac-
ity to a peak efficiency of 97.7% when operating at the highest
power level. The efficiency of the converter is determined when
it is running with a gain of G, = 2, as discussed in carlier sec-
tions. This gain results in the converter operating at a 50% of
partiality. The flat efficiency curve of the proposed converter
makes it very attractive, since usually only high peak efficiencies
are achieved for a narrow operating range in conventional charg-
ing stations. This can have an important impact over the global
efficiency over the whole charging process, since usually peak
efficiencies are only achieved through brief periods of time.

4 | EXPERIMENTAL RESULTS

A reduced-scale laboratory prototype based on silicon car-
bide (SiC) MOSFETs has been built to validate the proposed
converter. Figure 12 shows the laboratory prototype. For the
active H-bridge, the SiC G3R40MT12D MOSFET was used,
while for the passive rectifier that is connected to the output

inductot, the GD2X20MPS12D diodes were used. The dead
time of the H-bridge circuit was considered in the hardware
when designing the control boards for the semiconductor
gating signals. The parameters used for the experimental results
are listed in Table 2.

As input of the converter, emulating the DC-link that is
generated by the AC-DC rectifier of the charging station, the
Chroma 62020H-150S programmable supply has been used. To
emulate the EV battery a Chroma 62060-D bidirectional power
supply has been used as load connected to the output terminals
of the proposed converter. It has been configured to the bat-
tery voltage, capacity, and initial state-of-charge. The control of
the converter is implemented using the dSpace MicroLabBox
platform.

Figure 13 shows the validation of the transfer function of the
system derived in (10), compared to the same curve obtained
experimentally. A maximum error of 2% has been achieved
between the experimental and theoretical results throughout the
range of the phase shift &, validating the analytical derivation of
the model of the converter.

The main waveforms of the converter are preliminary vali-
dated using a purely resistive load (R = 100 ) connected to the
output terminals. This test was carried out in open-loop, and no
phase shift is imposed between the primary bridge legs (@ = 0).
This results in an output voltage equal to the double the input
voltage. This can be appreciated in Figure 14a where results for
an input voltage value of 150 V are shown, including: channel 1
(yellow) corresponds to the output voltage of the converter at
twice the input voltage (300 V); Channel 2 (green) shows the C}
capacitor voltage, and it can be seen that this voltage is always
equal to the input voltage; Channels 3 (blue) and 4 (red) display
the input and output current measurements respectively. Since
itis a boost converter, the output current is lower than the input
current. For this case, the value of the output current of 3 A is
determined by the resistive load used for the test.

Channel 1 (yellow) of Figure 14b shows the output voltage
of the converter again, while channel 3 (blue) shows the voltage
across switch Sj; the maximum voltage that the semiconductors
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FIGURE 13  Transfer function experimental validation.

withstand during switching, unlike a traditional boost converter,
is equal to the input voltage (it switches between 0 and 150 V).
This feature allows sizing the MOSFETs with nominal val-
ues lower than the output voltage. Finally, channel 2 (green)
shows the impedance network inductor voltage 17 1, switching
between —150 and 150 V as expected.

In addition, a closed-loop battery charging process was
tested, using the Chroma 62060-D bidirectional power sup-
ply to emulate the battery. The control profile is programmed
in the local CPU and interfaced with the converter through a
dSpace MicroLabBox. The results of the test are displayed in
Figure 15, which provides a visual representation of the current
and voltage profiles in steady-state operation. In order to speed
up an entire charge cycle, the battery is simulated with a reduced
capacity, as shown in Table 2.

The battery emulator used in this test was programmed to
operate at 300 V with an initial state-of-charge of 60%. This
produced an initial voltage of 264 V. The behaviour of the con-
verter during steady-state was captured in a reduced timescale.
Channel 1 (yellow) shows the battery voltage, charged with
constant current of 3 A, which is shown in channel 4 (red).
Channel 2 (green) shows the voltage in capacitor Cj; regardless
of the state-of-charge of the battery voltage, the capacitor volt-
age always equals the input voltage, keeping its value at 150 V.
Channel 3 (blue) shows the voltage across switch §j. In the same
way, as for the test carried out with resistive load, the voltage in
the semiconductors vaties between 0 and 150 V.

Impedance
Network

Full Bridge

Diode Full Output
Bridge Inductor

-

\\

Battery Emulator

n 500v/ l 100v/ l 20.0A/ 5.004/ I;] 50.00us/
-1.00000kY o.ov 60.0000A 500004 |J 00s Sto

T.00kV

500

PRI E— - L et T R——
T ¥ T : ¥
EU.U
A A
500 L
Ve, (100 V/div)
;71400k
P e N R
%-1.50k L
e iy (5 A/div)
-2.00k iin (20 A/div)

-200u -100u 0.0 100y 200us

(a)

I 500v/ l 200v/ 200v/ 4 ;J 50.00us/
-1.00000kY o.ov 600.000V 0.0s Sto

1.40kV

1.20k

e — i ettt |

S T —— A — —

1.00k

VL, (200 V/div)

Vs, (200 V/div)

-200u -100u 0.0 100y 200us

(b)

FIGURE 14  Experimental results with resistive load and a = 0.5. (a)
Ch1: Output voltage 17, Ch2: Capacitor voltage 171, Ch3: Output current 77,
Ch4: Input current ;,. (b) Ch1: Output voltage 1, Ch2: Impedance network
inductor voltage 17 1, Ch3: switch ), drain-source voltage.
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The results obtained in the efficiency analysis are shown in
Figure 10, as well as a screenshot that indicates the measured
input and output active powers, voltages, currents, and global
efficiency of the proposed PPC. The power range that was
studied exhibits the same features as the efficiency curve that
was obtained from the simulation. The prototype constructed
with a modular characteristic achieved a maximum efficiency of
95.35%, the modular characteristic with which the experimental
prototype was built influences the slight difference between the
results of Figures 11 and 16.

5 | CONCLUSION

Here, a new step-up transformerless PPC Type I topology
is presented to be used as DC-DC regulation converter for
EV fast charging stations, aimed at 800-V battery powertrains.
The operating principle and mathematical model of the con-
verter have been derived and validated through simulation and
experimental results.

The topology has been derived from a typical PPC Type I, by
replacing the HF transformer by an impedance network capable
of connecting voltages in series to the input voltage to boost the
output voltage with a nominal gain of 2.

The advantage of the proposed converter over traditional
boost converters lies in the fact that the voltage blocked by the
semiconductors and the passive components of the circuit is
equal to the input voltage, which allows them to be sized with
lower nominal values, making this a cost-effective solution.

(b)

FIGURE 16 Experimental efficiency measurement of the proposed
convertet. (b) Measured input and output powers, voltages, currents, and global
efficiency of the proposed PPC.

The validity of the proposed converter was verified through
simulation and experimental results. The experimental compat-
ison with the model showed a maximum error of 2%. In a
simulation analysis, it was possible to estimate the efficiency of
the converter operating within a range typical for a charging sta-
tion power module. The peak efficiency achieved of 97.7% for
nominal power of 10 kW is practically flat all over the operating
range, enabling a high efficiency charging process, and an exper-
imental efficiency analysis, with a peak laboratory efficiency of
95.35%.

The operating principle, waveforms, and converter gain were
experimentally validated through a reduced-scale laboratory
prototype, including an emulated battery charging process.

The proposed converter is an attractive transformerless PPC
alternative for the DC-DC regulation stage for EV fast charging
stations.
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APPENDIX A

From (6) and (7) it is possible to develop a model that allows the
design the converter controllers by linearizing them. A small-
signal model around a quiescent operating point can be obtained
through the perturb and observe technique. This approach was
chosen due to its simplicity, which enabled the development
of a mathematical model that accurately reflects the converter

[16]. Consequently, the design of controllers is made easier, and
the system is made more resilient to noise or disturbances. It is
worth noting that there are a variety of linearization techniques
that are also effective for this purpose. A small disturbance x" ()
is added to the input signals 1, and &, expecting that the other
variables also present a small variation. Obtaining mainly the
following equations:

V@) =V, + 0, ()
a@t)=A+a&@)

i )= L+ @)
V,0)=1,+17,@0)

(A1)

Considering that the disturbances are very small compared to
the signals, that is, |2;,()| < |17,], |&@®)| < |A|, |7.()] <
|77 |and [7,()| < |1|, equation (9) and (7) can be written as
follows:

di
- §ﬂ=w+&®ﬂm+%®—@@+%w»
+ (A +a®) (V,+3,0) =20V, + 5, ©))
(A.2)
av, X V,+3,
C;T(l‘)z (]L+ZL(1))_R—W(I) (A3)

where A" = (1 — A), R,, represents the equivalent output load.

Simplifying (A.2) and (A.3), three types of terms are distin-
guished. The first corresponds to multiplications of the constant
terms, which equals zero around the quiescent operating point.
The seconds correspond to the second-order terms, composed
by multiplying the small disturbance signals among themselves;
these being very small, can be neglected. These assumptions
reduce the aforementioned equations to only their linear terms,
resulting in the following:

é

0 @y ra-a(ra) @
ave . 5,

C;z#(f) =1 (1) — %:) (A.5)

Solving equations (A.4) and (A.5) using Laplace transform,
the resulting output-to-control transfer function is obtained:

v, 1.558s + 24.34

& 0.73032 + 23.15 — 38950

10° (A.6)
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