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Partial-Power Converter Topology of Type II for

Efficient Electric Vehicle Fast Charging
Sebastian Rivera, Senior Member, IEEE, Julian Rojas, Samir Kouro, Senior Member, IEEE,

Peter W. Lehn, Senior Member, IEEE, Ricardo Lizana, Senior Member, IEEE,

Hugues Renaudineau, Member, IEEE, and Tomislav Dragičević, Senior Member, IEEE,

Abstract—The increasing power levels handled by electric
vehicle dc fast chargers will impose additional challenges to
the switching devices in order to cope with the efficiency re-
quirements. A cost-effective alternative to achieve highly efficient
power conversion is through the partial-power conversion con-
cept. This paper validates the advantages of a step-down Type II
partial-power converter (PPC), based on the phase-shifted full-
bridge converter, for EV Fast Chargers. By exploiting the reduced
voltage range of an EV battery pack along with the reduced
power ratio for a Type II PPC, an extremely efficient charging
process can be achieved. The concept is validated with the
development of a 7 kW demonstrator, hence realistic efficiency
measurements are obtained. Results indicate the effectiveness of
charging a battery by merely handling 13.32% of the power
provided to it, with a peak efficiency of 99.11%.

Index Terms—Battery charging, DC-DC power conversion,
Fast charger, High Efficiency, Partial-power converters (PPCs)

I. INTRODUCTION

THE EXPANSION of electric mobility continues after

a decade of electric vehicle market. This industry has

managed to evolve in order to facilitate the migration to a

cleaner transportation, with improvements in almost every

aspect [1]–[3]. From the many improvements during this time,

the strides made within charging technology have contributed

to a faster and simpler charging process [1], [4], [5]. High-

power charging has reached 400 kW and continues to look

to further increases, in order to support even faster battery

charging mechanisms [5].
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Nowadays, the majority of the fast charging topologies

employ a fully rated power converter to shape the cur-

rents and voltages to be injected to the battery pack [6]–

[9]. The increasing power ratings of dc fast chargers will

further challenge these topologies and another approach is

required. As a way of further improving the performance of

fast charging networks, advanced power conversion methods

should be explored. The concept of partial-power conver-

sion is a straightforward measure to reduce the size and

weight of electronic components, which indirectly impacts

the cost of the solutions [10]–[21]. By employing partially

rated power converters, the costs, efficiency, size and weight

of dc fast chargers can be greatly improved. Partial-power

conversion reduces the voltages or currents being processed

by the electronic converters, without sacrificing functionality.

This allows using smaller electronic components, conventional

silicon semiconductors while enabling extension of lifespans

and simplification of thermal dissipation mechanisms. The

resulting smaller and lighter power converter units will lead

to easier installation and deployment given that no lifting

machinery is required.

Considering the typical electric vehicle (EV) battery voltage

is in the 400 V range, and most of the charging stations

connect to 400Vac or 480Vac grids, the rectified voltage

will always be larger than the battery, hence step-down is

eventually required to properly recharge it. In this context, the

use of a series-connected PPC would substantially improve

the efficiency of the charger. Despite the availability of both

options, Type I and Type II, most of the attention has been

given to the former [17]–[21]. However, when stepping down

using Type I PPCs some clear disadvantages arise, such as

reverse power flow within the PPC, while their operating

range is strictly limited to half of the input voltage, besides

virtually operating at full power handling for reduced state

of charge (SoC) [22], [23]. Instead, a Type II S-PPC for

the same task would result in better efficiency, as it needs

a lower fraction of the power delivered under reduced SoC to

properly regulate the process, hence a smaller converter and

easier implementation [23], [24].

In this paper, the superiority of PPC of Type II for the

dc-dc stage of EV fast charging stations is presented, along

with validation of the concept experimentally. The proposed

topology is based on the phase-shifted full-bridge converter,

interconnected as a PPC of Type II, which provides a high-

efficiency step-down stage. In this way, the converter can

easily be adapted to meet different standards and grounding
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Figure 1. General structure of an off-board battery charger. Depending on
the case, isolation can be either at line frequency (LF), high frequency (HF)
or both.

requirements (UL2231), while being compatible with existing

front ends of commercialized charging stations [25]. Moreover,

the proposed PPC can be implemented using interleaved power

cells allowing to improve the power quality, reduce inductor

sizes and enable scalability in order to achieve higher power

rating chargers. The result is higher overall system efficiency

and power density.

The paper is organized as follows. Section II provides a de-

scription for the standard charging station structure, followed

by a topological description in Section III, highlighting the

advantages of the proposed configuration. Thereafter, Section

IV briefly describes the control scheme, while section V

provides a complete set of experimental results, covering both

the waveform discussion and the resulting efficiency. Finally,

Section VI summarizes the findings of the work.

II. CHARGING SYSTEM

The structure of a typical fast charger is displayed in

Fig. 1, showing two power conversion stages: a rectifier stage

with power factor correction, followed by a dc-dc stage that

performs the battery voltage and current regulation. Depending

on the case, the isolation can be deployed at line frequency

at the ac input of the station, or inside the dc-dc stage,

in the high-frequency range. The presence of an isolation

stage is mandatory by most of the standards (IEC 61851-23,

SAE J1772, UL 2231), imposing a stringent requirement of

a galvanic barrier between the battery and the ac grid. By

maintaining system isolation, the charging system leaves the

protection scheme designed for the vehicle battery intact.

Regardless of whether a full or partially rated converter is

employed, the dc-dc stage should adjust the battery voltage

and current in accordance with its charging profile, as shown

Table I
EV CHARGERS PERFORMANCE COMPARISON

Charger Efficiency

Chevy Bolt 2nd Gen. OBC 95%

Tesla Model 3/Y OBC 95%

Innolectric OBC42/82 ≥ 94%

Hella/GaN Systems WBG OBC ≥ 97%

ABB Terra 54 DC Fast Charger 95%

ABB Terra HPC150 High Power Charger 94%

Porsche Fast-Charging Park ≥ 95%

ENERCON E-Charger 600 94%

US Drive 2025 target for DC-DC converters [26] 98%

3.5 kW Type I PPC in [27] 98.5% peak

Proposed Type II converter
96.36% average

99.11% peak

DC voltage regulation Battery charging

Vo

Pg

Pl2Pl1

PoPd

(a)

DC voltage regulation Battery charging

Vo
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Pp Vp
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DC voltage regulation Battery charging
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PpVp

Pl2
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(c)

Figure 2. Two-stage conversion systems for high-power fast charging stations
Sankey diagrams. (a) Fully rated dc-dc converter. (b) Partially rated type I dc-
dc converter. (c) Partially rated type II dc-dc converter.

in the simplified diagram in Fig. 2(a). Typically, this stage

performs a step down from the dc-link voltage towards the

battery, shaping the current as needed. In general terms, a

battery charging process is divided in two control modes:

constant current (CC) and constant voltage (CV). Moreover,

most of the energy for the battery is obtained in the CC

mode, making it a key stage for high-power fast charging.

This means that in order to quickly recharge the battery, the

dc-dc converter is only required to handle this current value.

In other words, as long as the converter generates the required

charging current, its voltage can be a fraction of the battery

pack voltage and connected in series to the input voltage, as

exhibited in Figs. 2(b) and 2(c).

In order to quantify the efficiency levels of a commercial

charging station, Table I shows some reported values in

different industrial solutions according to [5], [28], as well as

the efficiency of other configurations using the partial power

concept.

III. TOPOLOGY DESCRIPTION

The circuit presented in Fig. 3 belongs to the partial-power

converters with high-frequency transformers. The presence

of the transformer allows to accommodate different types of

connections between input and output, without the possibility

of shorts between their voltages [12]. The drawback of this

configuration is the lack of galvanic isolation, hence the charg-

ing station should include an isolation barrier between the dc-

dc stage and the grid connection in order to meet standards

as depicted in Fig. 1. To this end, the most convenient way of

including it is still at low frequency, by exploiting the relatively
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Figure 3. Partial-power phase-shifted full bridge converter based fast charger.

low price of cast-resin grid transformers before the rectifier,

while simultaneously facilitating the connection to medium-

voltage grids in the case of commercially available high-power

chargers [28], [29].

Considering the connection scheme of Fig. 3, a series-

connected PPC of Type II stage is being used, where the

input voltage to the converter, or the partial voltage Vp is in

series with the input dc-link voltage Vd, while the output is

filtered and then paralleled with the battery pack. This means

that, in steady state the voltage seen from the input ports of

converter, i. e., the voltage at the terminals of the capacitor Cp,

is the difference Vd −Vo. As mentioned in the earlier section,

this configuration is superior in step-down applications as it

requires a smaller portion of the power to be processed. This

will be illustrated as follows. The portion of the power to be

handled is represented by the partial power ratio Kpr. This

ratio is defined as Kpr = Pp/Pd, and for a Type I is:

Kpr =
1

Gv

− 1 (1)

where Gv is the conversion stage voltage gain. In an effort

to avoid the aforementioned limitation, a step-up Type I PPC

charger is proposed in [27]. However, an intermediate solid-

state transformer (SST) stage is required for such purpose,

which unnecessarily increases the installations costs and the

charger footprint, while reducing the overall conversion effi-

ciency.

On the other hand, Type II step-down stages have received

less attention for EV charging [30], [31]. The configuration

in Fig. 2(c), presents lower partiality ratios in the intended

voltage range, without the limitation in terms of minimal

output voltage of Type I as demonstrated in [22], [23] for

photovoltaic applications. Partial power ratio of Type II step-

down PPC follows a ratio defined by:

Kpr = 1−Gv (2)

Considering the previous analysis, by taking into account

the partiality ratios, i. e., the power rating required for PPC

stages in battery chargers, the superiority of Type II config-

urations can be observed in Fig. 4. This feature should be

further explored, but to the best of the authors knowledge this

solution has not been fully validated experimentally with a

realistic power rating yet as proposed in this paper.

A. Interest of Type II PPC topologies

In order to illustrate the superiority of Type II step-down

converter for EV charger, a typical 400 V battery charging
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Figure 4. Partial power ratio of Type I and Type II PPC for a charging station
considering an input voltage Vd = 450 V.

station is considered. For this application, the dc-bus voltage

is regulated by the rectifier stage to Vd = 450 V. Then, a

typical battery composed of series strings containing 98 cells,

which are then paralleled to reach the desired current ratings.

Each of these cells has a nominal voltage of 3.6 V. If each

cell operates in the range from 2.8 V to 4.2 V, an estimation

for a full pack can also be obtained (the pack voltage will vary

from 274.4 V to 411.6 V). With those values, the theoretical

partial power ratio it is calculated for both Type I and Type

II step-down PPCs, respectively following Eqs. (1) and (2).

The resulting power requirements for each configuration

is displayed in Fig. 4, showing the evolution of the partial

power ratio while the battery voltage increases throughout

the charging process. The advantages of Type II PPC can be

clearly seen for the intended EV charger application. Indeed,

whatever the voltage of the battery or equivalent SoC is, the

partial power ratio of Type II PPC is always lower than the

ratio for Type I PPC. Maximum partial power ratio, which is

the limitation to consider when designing the converter is in

the case of Type II of 40%. This means that the power rating of

the converter can be reduced by 60% compared to classical full

power converter. Type I PPC also is advantageous compared

to full power converter since maximum power through the

converter is limited to 68%. Still, this reduction is lower

than Type II PPC, hence the latter solution is developed and

experimentally validated in the remainder of the paper.

As displayed in Fig. 3, a phase-shifted full-bridge is em-

ployed, given its efficiency, power handling capability and

versatility. Also, its large industry presence facilitates the

implementation of multichannel versions of the proposed

charger. Regarding its operation, the voltage v2 induced at

the secondary side of the transformer is generated through

the phase shift of the full-bridge legs at the primary side.

By properly introducing a phase displacement ϕ between the

converter legs, the mean value of the secondary voltage can be

regulated. The alternating waveform induced in the secondary

side is then rectified by the diode bridge, providing an output

voltage with positive polarity.

Given the connection in Fig. 3, the input voltage of the

converter Vp is always determined by the difference between

the input voltage Vd and the load voltage Vo. This is always

the case if the transformer provides enough voltage gain to
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regulate the output current. In other words, the devices at

the primary side withstand only a fraction of the voltages

involved in the charging process, and as it will be shown

in further sections, this will set the amount of power being

processed by the converter. On the other hand, the bypass

connection provides an efficient path for the current being

injected to the battery. When operating the converter, most of

the output current is fed through this path, while only a fraction

is provided by the secondary side rectifying bridge, leading to

another reduction in the ratings of the semiconductor devices.

B. Operation principle

The converter shown in Fig. 3 has four usable equivalent

operating states. These states are illustrated in Fig. 5, where

it can be seen that the transformer only transmits power when

switching states as per Figures 5(a) and 5(b). Considering that

these voltages are then rectified, their effect is the same at

the load side, hence they will be referred to as the ON states.

On the other hand, the bypass connection provides power to

the output terminals regardless of whether switching states of

Figures 5(c) or 5(d) are applied. This is explained as follows,

the bypass connection provides a direct connection between

the input voltage source Vd and the battery, hence always is

able to supply the load demand. Then, when the primary side

is supplied with a non-zero voltage, a voltage is induced in

the secondary side circuit, making the diodes to rectify the

secondary side current. This means that a part of the output

current is now being fed by the rectifier stage, while the rest

is directly provided by the aforementioned path. On the other

hand, when there is no voltage induced at the secondary side,

the battery is fed exclusively through the converter bypass

connection.

As stated earlier, the converter will operate as a phase-shift

full bridge, meaning that both legs at the primary side generate

square wave signals while their relative phase ϕ is adjusted

in order to regulate the voltage at the output terminals. The

modulation scheme and the operational principle is further

explained through Fig. 6.

Please note how the introduction of a phase displacement

ϕ between the legs of the H-bridge, allows to regulate the

voltage induced at the secondary of the transformer. With

reference to the circuit displayed in Fig. 3, the leg on the

left side, controlled by the signal S1 is designated as the

leading leg, while the right one adjusts its relative phase in

order to regulate the output voltage. The average amplitude of

the voltage induced at the primary side v1 set by the voltage

on capacitor Cp, whose dc voltages is the difference between

Vd and Vo, and the switching state. Hence, the primary-side

devices block reduced voltage values. In steady state, this

voltage will tend to:

Vp = Vd − Vo. (3)

On the secondary side, this voltage will be amplified by the

transformer gain n, and rectified by the diode bridge into

vr. This output voltage of the converter is set by the phase

difference of the modulating signals ϕ, the transformer turn

ratio and the aforementioned partial voltage. Then, the average

value of the rectified voltage Vr becomes:

Vr =
ϕ

π
nVp. (4)

From Fig. 6, it can be seen how the duration of the ON

states is extended if ϕ is increased, reaching its maximum

value when ϕ = π, given the multiplicative effect of the

rectifier. Hence, the longer the circuits in figures 5(a) and 5(b)

are applied, Vr increases. Then, as Vr = Vo in steady state,

by combining (3), (4) and the transformer voltage gain, it is
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possible to establish the converter voltage gain Gv:

Vo

Vd

=
nϕ

π + nϕ
= Gv. (5)

Please note that the same relationship can be deduced from

charge balance on Cp, thus bypass and output currents are

related by the same gain. This can be proven as follows:

−
toff

2Cp

Ibp =
ton

2Cp

(Ibp − nI2) (6)

⇒ Ibp =
ϕ

π
nI2 (7)

∴ IL = Io = Ibp + Ir = Ibp

(

1 +
π

nϕ

)

. (8)

On the other hand, the average partial voltage relates with the

input voltage through the partiality ratio Kpr according to

Vp

Vd

= 1−Gv (9)

∴

Vp

Vd

=
π

π + nϕ
= Kpr (10)

These features permit regulation of the mean value of the

current through the diode bridge ir, allowing to control how

much power the converter will process during the fast charging

process. The secondary-side current is rectified by the diodes

and provided to the load during the ON states at the primary

side. Consequently during these instants when the diodes

conduct, the input current ibp decreases its value in order to

meet the demand by the load.

IV. CONTROL SCHEME

For the regulation of the proposed converter, the controller

shown in Fig. 7 is employed. In the figure it can be seen

that the conventional cascade control architecture is employed,

where the inner loop regulates the battery current and the

outer one does it with the voltage of the battery. Following

the charging profile (CP) of the battery pack to be charged,

the battery management system (BMS) selects wether the

system operates in voltage or current mode, and makes the

corresponding changes in the system based in the current SoC.

During CC only the inner current loop regulates the output

current by modifying the phase shift, based on the reference

provided by the BMS, otherwise, in CV this current loop

improves the transient response of the voltage loop, which

now follows the command given by the BMS.

Regardless of the operating mode, the current controller

generates the necessary ϕ and passes it to the pulse-width

modulation (PWM) stage, in order to adjust the average rec-

tified voltage. Moreover, the partial voltage Vp does not need

any regulation as it is indirectly imposed by the instantaneous

difference between Vd and the battery voltage Vo.

V. EXPERIMENTAL RESULTS

For the validation of the proposed topology, a 7 kW ex-

perimental prototype was developed, based in SiC semicon-

ductors. The converter exhibited in Fig. 8, uses SEMIKRON

SK25MH120SCTp SiC MOSFET H-Bridge modules for the

active side, while the rectifier side uses SiC diodes from ST

EMS

PI

PI

CP

ϕSoC

SCC-CV

Vc1,...,n
I∗o

Io
V ∗

o

Vo

Figure 7. Proposed control scheme.

Bypass connection
Output inductor

Gate drivers Gain selector
(a)

HF Transformer

Primary side

SiC MOSFETs

Secondary side

SiC diodes

(b)

Figure 8. Pictures of the implemented PPC based fast charger. (a) Upper
view. (b) Side view.

(STPSC20H065CWY). A 3 kW planar transformer from Pay-

ton Planar is employed for the voltage gain of the converter.

The transformer features a three terminal output, allowing a

3:12 and 3:21 turn ratios, selectable by changing a lug in the

PCB, as shown in Fig. 8(a). A Keysight RP7962A bidirectional

dc power supply is connected to the output terminals, acting

as the battery being charged. At the input side, a Keysight

RP7961A sets the dc-link voltage to the desired 420 - 450 V

range. The control platform is implemented using a dSPACE

1103, which executes the controllers and AD conversions,

and a Nexys 4 FPGA that implements the modulator and

peripherials. In order to study the features of the proposed

converter under different values of partiality, two scenarios are

evaluated: the first operates with the intermediate transformer

ratio n = 4 (3:12) and imposing a 330 V output, while the

second case operates with n = 7 (3:21) generating 390 V at the

output terminals. Finally, the resulting global efficiency will

be measured with a Yokogawa WTE3000E Precision Power

Analyzer. The experimental parameters are provided in Table

II.

A. Steady-state performance

The capabilities of the proposed architecture become clear

with the steady-state results of the fast charging prototype for

case 1, displayed in Fig. 9. First, to validate the partiality

featured in the scheme, Ch1 in Fig. 9(a) provides the voltage
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Figure 9. Experimental results for steady-state operation of the proposed PPC Case 1. (a) Voltage measurements: Ch1 MOSFET S1 voltage (200 V/div). Ch2
output voltage Vr (100 V/div). Ch3 Voltage at the secondary side v2 (600 V/div). Time scale 5 µs/div. (b) Current measurements: Ch1 MOSFET S1 current
(20 A/div). Ch2 Bypass current ibp (10 A/div). Ch4 Inductor current iL (5 A/div). ChM Rectifier current ir (5 A/div). Time scale 5 µs/div. (c) Measured
input and output active powers, voltages, currents and global efficiency of the proposed partial dc-dc stage computed with Yokogawa WTE3000E.

Table II
EXPERIMENTAL PARAMETERS

Parameter Value

Input Voltage Vd 450 V

Output Voltage Vo 320 - 390 V

Partial Voltage Vp 60 - 130 V

Switching frequency fsw 100 kHz

Transformer turn ratio n 3:12 (3:21)

Input Capacitance Cd 60 µF

Partial Capacitance Cp 60 µF

Output Capacitance Co 60 µF

Output Inductance Lo 26 µH

Output Power Po 6.5 kW

Partial Power Ratio Kpr 21.40% (13.32%)

stress of the devices located at the primary side. As it can

be seen, these devices are subject to only a fraction of the

voltages involved in the charging process, which is in part

responsible for the enhanced efficiency. These devices are

blocking approximately 90 V, when the output voltage is set

to 330 V. However, this reduction in the voltage handled by

the primary bridge does not limit the capacity of actuation of

the converter, as can be seen in the obtained waveform for the

secondary voltage v2. The presence of the transformer allows

a voltage gain that will provide the system enough actuation

capability to perform the charging process. As observed in

Fig. 9(a), the voltage induced at the secondary side of the

transformer alternates the polarity of the voltage reference as

presented in Ch2. This voltage is then is rectified by the diode

bridge in order to regulate the current being provided to the

battery. This results in a conversion process with output ripple

at 200 kHz as observed in the current waveforms presented in

Fig. 9(b).

It is also interesting to observe how the currents in Fig. 9(b)

are distributed. As stated earlier, the partiality of the converter

is reflected at both sides of the transformer, and while the

primary side devices withstand a fraction of the voltages

involved in the process, the current stress of the secondary-

side devices is also fractional with respect to the current being

fed by the fast charger. By measuring the inductor current, it

can be seen that for a 4.97 kW output the load is being fed

with 15 A. However, despite this large current being provided

to the battery, the connection features a reduced current being

conducted by the rectifier bridge. The converter operates with

a partiality ratio of 21.40%, leading to an average current

through the diodes of 3.3 A, while the rest is being directly fed

to the battery through a path with minimal losses (converter

and transformer are being bypassed). The combined effect of

smaller voltages for the primary side devices, and smaller

currents through the secondary devices results in an extremely

efficient power conversion, being able to complete the charging

of the battery with an average efficiency of 96.36%. This

is confirmed by the measurements provided by the power

analyzer shown in Fig. 9(c). It can be seen how the converter

reaches a peak efficiency of 97.3% in this scenario, while

injecting over 15 A to the battery and merely losing 140 W

in the process.

Meanwhile, the results for the second scenario evaluated are

presented in Fig. 10. Analogous to the first case, the resulting

waveforms vary accordingly to the modification of the power

being handled by the converter. In this case, the change in

the transformer turn ratio to n = 7 and the consequent

output voltage, resulted in Vp = 60 V as can be seen in

the measurements provided in Ch1 of Fig. 10(a). During this

scenario, the converter is operating with a partial power ratio

of 13.32%, meaning that the power electronic components in

the system are converting a smaller power share than in the

previous case. Specifically, the converter is supplying 6.55 kW

to the load, but only processing 863 W. The largest part of the

current in the inductor is still being supplied directly by the

input voltage source Vd, while the diodes are conducting an

average of 2.091 A, which is lower than the previous case

because of the reduction in the partiality ratio. The converter

is able to generate a dc current of 16.689 A, with virtually no

ripple as displayed in Fig. 10(b) (40 mA peak to peak before

the output capacitor), which is a beneficial feature for the EV

battery pack. This is another proof that the reduction in the

converter size does not compromises the quality of the power

being fed to the loads. Another interesting detail of these

results, is the fact that the converter is providing a larger power
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Figure 10. Experimental results for steady-state operation of the proposed PPC Case 2. (a) Voltage measurements: Ch1 MOSFET S1 voltage (200 V/div). Ch2
output voltage Vr (100 V/div). Ch3 Voltage at the secondary side v2 (400 V/div). Time scale 5 µs/div. (b) Current measurements: Ch1 MOSFET S1 current
(20 A/div). Ch2 Bypass current ibp (5 A/div). Ch4 Inductor current iL (5 A/div). ChM Rectifier current ir (5 A/div). Time scale 5 µs/div. (c) Measured input
and output active powers, voltages, currents and global efficiency of the proposed partial dc-dc stage computed with Yokogawa WTE3000E.
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Figure 11. DC-DC stage efficiency measurements from Yokogawa WTE3000E for the analyzed scenarios. (a) Case I: n = 4, Vd = 420 V. (b) Case II:
n = 7, Vd = 420 V. (c) Case III: n = 7, Vd = 450 V

to its output, but it has managed to increase its efficiency,

reaching a peak value of 99.04%, without the implementation

of sophisticated switching techniques given that the MOSFETs

are being hard switched. The measured efficiency is provided

in Fig. 10(c), demonstrating the converter losses are just 64 W.

B. Efficiency discussion

The previous section provided a good starting point for a

highly efficient power conversion, showing great performance

for fixed output voltage operation. However, in EV fast charg-

ing applications the output voltage varies within a certain

range, while a fixed current is being fed to the battery pack.

To do so, the system will be analyzed under three different

scenarios, in order to validate its superior conversion efficiency

in the battery voltage range. Given that the prototype allows

flexibility in terms of transformer turn ratio, the scenarios that

will be analyzed are detailed in Table III.

As stated earlier, a Yokogawa Precision Power Analyzer

was used to measure the efficiencies reported in the following

section. For the current sensing, a pair of 50 MHz N2782A

probes from Keysight were employed, in order to avoid any

misleading results.

The data collected for the aforementioned results is shown

in Fig. 11. Each scenario varies the output voltage slightly

to show the influence of the partiality variation during the

charging process of the battery pack. Overall, it can be

seen how the power conversion principle shows an average

Table III
SCENARIOS FOR EFFICIENCY STUDY

Cases
Transformer Input Output

Gain Voltage Voltage

Case I n = 4 420 V 320− 330 V

Case II n = 7 420 V 340− 360 V

Case III n = 7 450 V 380− 390 V

efficiency of 96.36% for the three proposed scenarios, reaching

a peak conversion of 99.11% while providing 5 kW to the

output. The lower efficiencies reported are for the reduced

transformer gain, given that the converter is handling a larger

fraction of the total power, hence more power is subject to

losses. In general, when the voltage difference of the battery

and the input is increased, efficiency drops given that this also

implies an increase in the power being handled by the charger.

For all the cases, the results were obtained by hard switching

the devices, meaning that the efficiency can still be improved

for further versions of the conversion concept and prototype.

Another interesting result is that the proposed topology offers a

flat efficiency curve for fixed voltage applications. This feature

can be further studied for the power conversion systems inside

the car, as it can offer a considerable saving in cost, space and

weight.
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Figure 12. Infrared captures of the prototype in steady state. (a) Picture of the prototype (b) Operation at 21.40% partiality. (c) Operation at 13.32% partiality.

C. Thermal analysis

The demonstrated efficiency of the proposed converter is not

the only benefit of promoting this power conversion approach.

The fact that the converter handles less power than its output

is expected to have an important reduction in the temperature

swings experienced by the devices, which is one of the most

accurate measures of the wear out of power semiconductors

[32]. The operation with fractional power levels leads to lower

switching losses in the devices, and at the same time reduces

the temperature swings and can potentially extend the lifetime

of the power devices.

To illustrate the thermal response of the converter thermal

imaging is carried out. Infrared images of the converter were

taken when the charger reached steady state, assuming the

average length of a fast charging process. The aforementioned

captures are provided in Fig.12, and were taking using a Fluke

Ti25 thermal imager. The same partiality ratios of the previous

section were considered in order to illustrate the thermal

behaviour of the converter processing different powers. Figure

12(a) shows a picture of the prototype as a reference for the

thermal captures.

First, in Fig. 12(b) the system is operating at 5 kW with a

330 V output voltage, in this case the partiality ratio is 21.40%.

In particular, the converter and transformer are processing

slightly over 1 kW, a condition that was maintained for 25

minutes, which is an acceptable length for a fast charging

process. When the charger reaches steady state, it is possible to

see that the highest temperature measured is merely 66 degrees

Celsius, corresponding to the primary side windings of the

transformer and the SiC MOSFET module at the primary side,

given that this circuit is the one that handles the largest current

in the system. The diodes at the rectifier reach temperatures

close to 50 degrees.

Figure 12(c) displays the temperature distribution for op-

eration at 6.55 kW while generating an output of 390 V.

During this scenario, despite the load being supplied with a

larger power, the hottest spots of the system reach a maximum

temperature of only 53.1 degrees Celsius. The reason for

this temperature drop is the reduction in the partiality ratio,

which in this case is 13.32% corresponding to the converter

processing just 862.79 W. Simply put, the battery is provided

with an additional 30% power compared to the previous

scenario while processing 19.37% less. This is an interesting

result, proving that the fraction of the power being processed

by the converter is set exclusively by its voltage gain.

VI. CONCLUSION

A Type II step down partial-power converter is validated for

highly-efficient EV fast charging applications. By exploiting

the limited voltage range of a battery pack, which does not

experience a wide variation during its charging states, the use

of a partial power solution leads to an extremely efficient

charging process. The topology is based on the phase-shifted

full-bridge, which provides an effective buck mechanism with

reduced losses. Also, the higher power capabilities of the

topology allows to reduce the number of stages required to

reach the power levels of high power fast chargers. Addi-

tionally, the superiority of Type II configurations for battery

charging is confirmed. As the output voltage is lower than

the input, the use of a Type II configuration allows reaching

lower partiality ratios, hence the efficiency is improved in

comparison to Type I solutions.

Experimental results confirm the validity of the power

conversion concept, showing that this premise would allow a

400 kW charging station to be implemented using a power

converter rated for as little as 50 kW. A 7 kW prototype

was developed for the experimental validation, in order to

have a true estimation of the conversion efficiency for battery

charging applications. Besides validation through experimental

waveforms, a thermal analysis was performed, confirming the

reduced amount of power handled by the dc-dc stage. A

peak efficiency of 99.11% at 5 kW was reported, with hard

commutation in the switching devices, which suggests that the

proposed topology holds room for further improvement.

Additionally, the findings suggest that with PPC, the lifes-

pan of the switching devices can be improved, given their

reduced thermal cycling.
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