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Abstract—In this paper a new approach to regulate the output
voltage of a resonant, constant voltage transfer ratio 380V/48V
isolated DC/DC converter is presented. Rather than applying
variable frequency control to the resonant converter which would
result in reactive power processing and a more complicated
EMC filter design, the converter remains in its optimal operating
point all time and an additional partial-power (PP) processing
auxiliary converter is used to tightly regulate the output voltage.
The PP converter, supplied through a tertiary winding of the
resonant converter’s transformer, regulates the output by adding
or subtracting voltage from the DC input and has only a marginal
impact on the overall efficiency of the DC/DC converter. The
principal of operation is explained in detail including Sankey
diagrams to illustrate the power processing of the converter and
a feedback control system is proposed to tightly regulate the
48V output voltage. A hardware demonstrator rated at 1.5 kW
is implemented to cope with input voltage variations between
340V - 420V and experimental results are provided showing that
the the output voltage can be kept within ±1% of the nominal
48V even under harsh input voltage and load transients. The
realized DC/DC converter with PP pre-regulation features an
overall efficiency of 97.7% at rated power and a power density
of 8.6 kW/dm3 (141W/in3).

This paper is accompanied with supplementary video material
demonstrating the principle of operation of the implemented
converter prototype.

Index Terms—Pre-Regulation, Auxiliary Converter, Partial-
Power Converter, Series-Resonant LLC Converter, DC Trans-
former

I. INTRODUCTION

The series-resonant LLC DC/DC converter is widely ac-
cepted in the IT and telecom industry due to several desired
features such as high efficiency, low EMI and high power
density. The converter is typically employed to step down
from 380 V and to supply a 48 V power distribution bus.
When operated exactly at the resonance frequency of the LLC
tank, the voltage transfer ratio becomes ideally independent of
the actual load [1]. At this point, the LLC converter is self-
regulated and adjusts its current automatically according to
the load condition, essentially behaving like a DC transformer
(DCT). If regulation of the output voltage is required, fixed
duty-cycle and variable frequency control could be applied
which shifts the LLC tank operating point out of resonance

into inductive operation in case a lower voltage transfer ratio is
needed [17]–[20]. However, besides the reduced efficiency due
to the additionally processed reactive power, the arising load
dependency and the potential loss of Zero Voltage Switching
(ZVS), variable frequency control is often depreciated as it
complicates the EMC filter design. An alternative method
which keeps the resonant converter in its optimal operating
point is to employ an additional partial-power (PP) auxiliary
converter to regulate the output voltage [5]–[12]. This auxiliary
converter is dimensioned for just a small fraction of the
rated power of the resonant converter and therefore has only
marginal impact on the overall efficiency of the converter
system. The PP regulation approach has also been thoroughly
analyzed in PV applications for high efficiency maximum
power point tracking (MPPT) and/or PV string balancing [13]–
[16]. In [7], [8] a PP post regulator as shown in Fig. 1 (a)
is proposed, where the output of a PP DC/DC converter is
connected in series with the output of the main converter and
the load. The input of the PP DC/DC regulator is connected
to an intermediate DC-link supplied by means of a tertiary
transformer winding and subsequent rectifier. Unidirectional
buck, boost and buck-boost DC/DC converters are suggested
to implement the post-regulator. In [11], [12] the topology
shown in Fig. 1 (b) is described. In this configuration, the
primary winding of a separate auxiliary transformer (two
separate cores) is connected in series with the primary winding
of the main transformer and the output of the PP DC/DC
converter is connected in parallel to the output of the main
converter. In order to regulate the output voltage, the partial-
power converter (PPC) is used to adjust the voltage across
the primary side of the main converter. A similar approach
is presented in [5], however there the DC-side of the PPC
is connected in parallel to the DC input (Vin) by means of a
boost converter. In the topology suggested in [10], an auxiliary
DC/DC converter is inserted between the rectifier bridge-legs
of the main converter as illustrated in Fig. 1 (c). The auxiliary
converter alters the power flow across the preceding rectifier
bridge-leg by means of adjusting the rectifier voltage (voltage
across the capacitor between the rectifier and the auxiliary
DC/DC converter) in order to regulate Vout. However, since
the auxiliary DC/DC converter processes around half the
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Fig. 1. (a)-(c) Several approaches to provide a regulated output voltage by
means of an additional partial-power (PP) converter and (d) the filter-less, PP,
pre-regulation approach proposed in this paper.

rated power of the main converter, the proposed topology
constitutes a 11/2 stage converter rather then an unregulated
main converter with PP regulation.

The filter-less, pre-regulation approach proposed in this
paper is depicted in Fig. 1 (d). Here, the output voltage Vout is
regulated by adjusting the average voltage applied to the input
of the main converter. Omitting additional filter components
at the output of the PPC, a pulse width modulated voltage
is impressed between the negative terminal of the DC input
(Vin) and the main converter. It follows that the square wave
voltage applied to the resonant tank of the DCT exhibits a
high frequency superimposed PWM pattern which allows to
adjust the average amplitude of the fundamental square wave
voltage applied to the LLC tank by adopting the modulation
index.

In the following the proposed converter topology is pre-
sented in detail and the basic theory of operation is discussed
(Section II). Subsequently, in Section III a control system for

the proposed converter is designed. In order to demonstrate
the basic concept and verify the claimed performance of the
proposed PP pre-control, a hardware demonstrator is imple-
mented as described in detail in Section IV. The implemented
380 V/48 V DC/DC converter is rated at 1.5 kW and has been
designed to cope with input voltage variations in the range
of 340 V - 420 V. The design specifications are summarized
in Tab. I. Subsequently, in Section V experimental results are

TABLE I
DESIGN SPECIFICATION OF THE CONVERTER

Parameter Value Description
Vin,nom 380 V Nominal DC input voltage

Vin,∆
340 V - 420 V

(≈ ±10.0 %)
Input voltage range

Vout,nom 48 V Nominal DC output voltage

Vout,∆
±500 mV

(≈ ±1.0 %)

Max. output voltage deviation
in steady-state and during tran-
sients

Pr 1.5 kW Rated power

η∗ 98 %
Target efficiency 98 % and
max. power density

presented showing the performance of the implemented proto-
type in steady-state and during transients. Finally, Section VI
concludes this paper.

II. PARTIAL-POWER PRE-REGULATED (P3) DC
TRANSFORMER

The proposed topology shown in Fig. 2 consist of an unregu-
lated resonant LLC converter and an additional PPC employed
to tightly control output voltage Vout by pre-regulating the
voltage applied to the input of the LLC converter. The full-
bridge input stage, FB1, of the LLC converter processes the
main share of the output power and the resonant tank is
dimensioned to feature a resonance frequency typ. in the range
of 70 kHz - 250 kHz in order to achieve a high power density.
Since the resonant converter is always operated exactly at
the resonance frequency regardless of input voltage and load
conditions, a very efficient transfer of real power to the 48 V
output is possible because only the reactive power to enable
ZVS of full-bridge FB1 must be processed. The stepped-down
rectangular AC voltage appearing at the secondary side of the
transformer, vT2, is then rectified by means of a diode rectifier
or a low-voltage MOSFET full-bridge (shown in Fig. 2)
for increased conversion efficiency (sync. rectification) and/or
bidirectional power flow support. When operated at resonance,
the LLC converter is capable of autonomously adapting the
current in case of a load step in order to keep the output
voltage at its nominal value according to the voltage transfer
ratio defined by the transformer turns ratio. Thus, the control
system of the pre-regulation converter just has to ensure a
proper input voltage level of FB1 to compensate for ohmic
voltage drops and other non-idealities in the main converter
in order to keep Vout tightly regulated to the desired 48 V
reference value.
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Fig. 2. Schematic of the proposed 380 V/48 V DC/DC converter comprised of a unregulated, resonant LLC converter operating as DC Transformer (DCT)
and an additional Partial-Power (PP) Pre-Regulation (P3) auxiliary converter dedicated to tightly control output voltage Vo.

A. Partial-Power Pre-Regulation Auxiliary Converter

As shown in Fig. 2 a PPC with bidirectional power flow
and bipolar voltage generation capabilities is proposed. The
rectifier-side terminals of the PPC (cf. 4 − 4) are connected
to a tertiary winding of the isolation transformer (N3) and
the output terminals of the inverter (cf. 3 − 3) are connected
between the negative terminal of the input capacitor, Cin, and
the negative rail of the full-bridge FB1 of the main converter.
The PP DC-link, VDC,aux, formed by two stacked capacitors
Caux is supplied from the LLC converter transformer through
the low-voltage rectifier half-bridge HB1 operated with the
switching frequency of the main converter. For the given input
voltage range (cf. Tab. I), the level of VDC,aux is regulated typ.
to 50 V - 60 V by adjusting the phase-shift between HB1 and
the leading-leg of full-bridge FB1 of the main converter. One
of the novelties of this approach is that the switched voltage
vaux, generated from pulse-width modulation of VDC,aux, is
directly impressed between the terminals 1 − 2 (cf. Fig. 2),
taking advantage of the transfer characteristic of the LLC
resonant tank and omitting additional filter elements. The
waveforms of a circuit simulation with preliminary system pa-
rameters according to Tab. II are provided in Fig. 3 (a) and (b)
in order to illustrate the basic operation of the proposed
converter system. Given that the switching frequency of FB3

is a multiple of the resonance frequency (typ. factor 4-10) of
the main converter, a rectangular waveform with modulated
amplitude due to the superimposed pulse pattern is applied to
the LLC tank of the main converter. It follows that the average
amplitude of the square wave voltage applied to the resonant
tank can be adjusted by means of the modulation index of
FB3, although the switched voltage vaux causes the resonant
current i1 to slightly deviate from it’s ideal sinusoidal shape.

Choosing a switching frequency multiple of 6 or higher, the
Total Harmonic Distortion (THD) of i1 can be kept below
≈ 12 % according to circuit simulation.

TABLE II
PARAMETERS OF THE P3DCT CIRCUIT SIMULATION (FIG. 3)

System P3DCT

Vin 380 V Cres 150 nF Caux 125 µF
Vout 48 V Cin 400 µF fs,FB,1 120 kHz
Vdc,aux 50 V Cout 5.4 mF fs,HB,1 120 kHz
Pr 1.5 kW Lres 10 µH fs,FB,3 720 kHz
Paux 60 W Lm 400 µH N1 : N2 : N3 14:2:1
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Fig. 3. Switching frequency waveforms of the simulated P3DCT converter
operating at rated power (1.5 kW). Primary side related voltage and current
waveforms are shown in (a), secondary side related waveforms in (b).

Given a converter input current Iin ≥ 0 for unidirectional
operation of the main converter, the polarity of the average pre-
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regulation voltage, vaux, defines the direction of power flow
in the PPC as illustrated by the Sankey diagrams in Fig. 4. In
case of vaux > 0, a fraction of the output power P77 (index 77
denotes the respective power flow interface according to the
terminal labels in Fig. 2) is actually provided by the PPC as
depicted in Fig. 4 (a). On the contrary, for vaux < 0, power P33

P11
P77P22

P33

Pv,1
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Pv,3
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P22 η1
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η3

P66

P66

(b)

P11
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P22

.P33

.

Fig. 4. Sankey diagram of the power flow inside the P3DCT for pre-regulation
voltage (a) vaux > 0 and (b) vaux < 0. The indices denote the power flow
through the respective interfaces labeled in Fig. 2. Power loss Pv,1 and Pv,2

is caused by the inverter and rectifier stage of the main converter, respectively.
Pv,3 are the losses associated with the processing of the pre-regulation power
flow.

circulates within the PPC and the inverter stage of the DCT
and does not contribute to the output power P77. Consequently,
an operation of the P3DCT with vaux > 0 is advantageous in
terms of efficiency.

B. Power Rating and Efficiency Impairment

The power requirement of the PPC is given by

Paux =
vaux

Vin
Pout =

Vin − nVout −∆v(i1)

Vin
Pout

=

(
1− nVout

Vin
− ∆v(i1)

Vin

)
Pout,

(1)

where, n = N1

N2
, is the primary-to-secondary winding turns-

ratio of the isolation transformer and ∆v, a function of the
resonant current i1, takes the voltage drop across circuit non-
idealities such as e.g. transistor on-state or winding resistances
into account. Expression (1) is plotted in Fig. 5 with respect to
the input voltage, Vin, and different transformer turns-ratios.
It can be seen that depending on n, unipolar operation is
feasible, e.g. vaux ≤ 0 for n > 8.75 considering the given
input voltage range, which would allow to further simplify
the topology of the PPC (half-bridge instead of FB3 and
diode rectifier instead of HB1). However, as a consequence
of unipolar operation, the total power to be processed by
the PPC increases substantially due to the additional bias
in vaux at nominal input voltage which reduces the overall
conversion efficiency of the P3DCT although operation with
circulating power (cf. Fig. 4 (b)) could be completely omitted
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Fig. 5. Power requirement of the PPC as a function of the input voltage Vin

and the transformer turns ratio, n = N1 : N2, at 1.5 kW output power.

if vaux remains positive for n < 7.0. For the implemented
hardware demonstrator described in detail in Section IV of
this paper, a turns-ratio of n = 7.75 was chosen (cf. green
line in Fig. 5) which results in a maximum power requirement
of approximately 150 W. At rated output power and nominal
input voltage, Vin = 380 V, the PPC processes only around
20 W. Thus, the PPC must only be dimensioned for a fraction
of the nominal output power processed by the main converter.

A numerical example based on efficiency measurements of
the hardware demonstrator presented later in Section V should
illustrate the marginal impairment of the overall conversion
efficiency due to the PPC. The total conversion efficiency
of the P3DCT can be derived from the Sankey diagrams
(cf. Fig. 4) and is given by

η =

{
η1η2 · (1 + k)− η2

ηaux
· k, vaux < 0

η1η2 · (1− k) + η2ηaux · k, vaux > 0
(2)

wherein η1 and η2 denotes the efficiency of the inverter and
the rectifier stage, respectively. Accordingly, the efficiency of
the main converter is given by ηm = η1η2. The efficiency of
the PP pre-regulator is denoted with η3 and factor k = Paux/P1

is the ratio between the power processed by the pre-regulator
and the DCT. Given the efficiency of the main converter, ηm =
99.25 % · 98.75 % = 98.0 %, a power ratio k = 20 W/1.5 kW =
0.013 and an efficiency ηaux = 82 % at 20 W of the PPC,
then according to (2), η = 97.7 % results if vaux < 0 and
η = 97.8 % if vaux > 0. Hence, the (very) low efficiency
(82 %) of the PPC reduces the overall conversion efficiency of
the converter at rated power only by 0.2 % – 0.3 % at rated
power and nominal input voltage.

III. CONTROL SYSTEM DESIGN

In order to tightly regulate the output voltage to 48 V and
reject load and input voltage disturbances, the control system
depicted in Fig. 6 is proposed. Two feedback control loops
are employed to regulate vout and the partial-power DC-
link voltage vDC,aux. As it will become evident from the
experimental results presented in Section V, the DC-link of
the PPC is sized large enough and/or the bandwidth of the
vDC,aux control loop suffices such that coupling between the
control loops can be neglected and, for the sake of simplicity,
two individual SISO designs are considered in the following.
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Fig. 6. Schematic of the control system to regulate (a) the output voltage,
vout, of the main converter and (b) the DC-link voltage of the auxiliary
converter, vDC,aux.

is shown in Fig. 6 (a). A first-order low-pass filter with
1 kHz corner frequency, Mvout, is employed to take both
analog and digital implemented low-pass filters of the output
voltage measurement into consideration. The control error, the
difference between reference V ∗

out and vout,m, is passed on to
the PI controller,

PIout(s) = Kp,out
(sTi,out + 1)

s
. (3)

Deviations of the input voltage from the nominal V ∗
in = 380 V

are directly compensated by means of the feed-forward term,
vaux,ff . The transfer function Min represents a first-order low-
pass with 10 kHz corner frequency and captures the phase-
delay introduced by the measurement and conditioning of vin.
A derivative term can be included to better cope with abrupt
input voltage changes but was finally not implemented on the
Digital Signal Controller (DSC) of the hardware demonstrator.
The parameter V ∗

offset, added to the measured input voltage, is
used to adjust v∗aux, such that the nominal input voltage results
in the desired 48 V output voltage for a specific transformer
turns-ratio. According to the polarity of the auxiliary voltage
vaux in Fig. 2, vaux must be decreased in order to increase
the output voltage, which explains why the output of PIout is
subtracted from the feed-forward term, vaux,ff . The dead-time
introduced by the pulse width modulator (PWM) of FB3 is
considered by means of a second-order Padé approximation of
the delay Daux(s) = e−s

Ts,aux
2 , where Ts,aux is the switching

period of FB3. In order to determine suitable coefficients for
the PI controller, a small-signal model of the DCT including
the CLC filter (cf. Fig. 2) was derived based on the analysis

presented in [1]. The PI controller parameter (3) for a conser-
vative design with 400 Hz bandwidth and 60◦ phase-margin
are listed in Tab. III.

TABLE III
CONTROLLER PARAMETERS

Controller Parameter Value

PIout
Kp,out 17.0× 103

Ti,out 2.94× 10−6

PIaux
Kp,aux 1.5
Ti,aux 0.02

Φ(p)
m 3.641× 10−3 (rad/W)
q 6.9× 10−2 (rad)

The proposed feedback loop to control the PPC DC-link
voltage, vDC,aux, is depicted in Fig. 6 (b). By means of another
PI controller,

PIaux(s) = Kp,aux
(sTi,aux + 1)

s
, (4)

the phase-shift Φ between the leading-leg of FB1 and HB3 is
regulated in order to control the correct power flow at the
terminals of the transformer tertiary winding (cf. 4 − 4 in
Fig. 2) such that vDC,aux meets the reference value V ∗

dc,aux.
A first-order low-pass filter with 1 kHz corner frequency,
MDC,aux, is employed to model the measurement and con-
ditioning of the DC-link voltage. The dead-time introduced
by the PWM of HB1 is considered by means of a second-
order Padé approximation of the delay Dφ(s) = e−s

Ts
2 , where

Ts is the switching period of FB1. In order to determine
proper parameters for PIout(s), a small-signal model of the
PPC rectifier, Gaux(s) =

vDC,aux(s)
Φ(s) , was derived according

to the work in [2], [3]. The PI controller parameter (4) for a
conservative design with 100 Hz bandwidth and 135◦ phase-
margin are listed in Tab. III. By estimating the power processed
by the PPC,

p∗aux = vauxIin ≈ v∗auxIin = v∗aux

Iout

n
, (5)

a feed-forward phase-shift term, Φ∗
ff , is added to the output of

controller PIaux. The phase-shift in the range [−π/2, π/2] as
a function of power is given by [3],

Φ(p∗aux) =
π

2

(
1−

√
1− 8fs,FB1Laux|p∗aux|

(1/2vDC,aux)(N3/N2vout)

)
· sign(p∗aux),

(6)

and is linearized around the nominal operating point (Pout =
1.5 kW, Paux = 20 W) in order to facilitate implementation
on the DSC of the hardware prototype,

Φ(p∗aux) ≈ m · p∗aux + q, (7)

with parameters m and q listed in Tab. III.
In order to implement the designed controllers on the DSC

of the hardware prototype (cf. Section IV), PIout(s) and
PIaux(s) were discretized using the Tustin z-transformation
with a sample frequency of Fctrl = 25 kHz. In addition, the
designed PI controllers were augmented with output limitation
and anti-windup capability.
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IV. HARDWARE PROTOTYPE

In order to verify the proposed converter topology shown
in Fig. 2 and assess the performance of the suggested control
system, a hardware prototype was realized as will be described
in this section. The implemented 380 V/48 V P3DCT is de-
picted in Fig. 7. The system is rated for 1.5 kW and exhibits
a total volume of 175 cm3 which corresponds to a power
density of 8.6 kW/dm3 (141 W/in3). Only 10 % - 15 % of
the total converter volume is occupied by components related
to the PPC. The component parameter values of the realized
hardware are listed in Tab. IV and have been obtained from a
comprehensive Pareto design optimization, seeking maximum
power density at a minimum target efficiency of around 98 %.

As it can be seen from the picture, the converter system
is realized by means of two individual power PCBs, the first
PCB is equipped with power electronic components of the HV-
side (380 V) and the PPC and the second PCB with the power
electronics of the LV-side (48 V). In addition, a third dedicated
digital control and auxiliary supply board is connected to both
power PCBs. In order to extract the losses from the power
electronics, both power PCBs are attached to the baseplates of
a double-sided forced-air cooled heatsink. The implemented
cooling system with 25× 25 mm, 5 V DC fans achieves a
Rth of around 0.49 K/W at a volume of roughly 33 cm3

which corresponds to a Cooling System Performance Index
(CSPI, [4]) of roughly 62 W/(K dm3). The primary-side full-
bridge (cf. FB1) is realized with 600 V, 55 mΩ E-mode GaN
from Infineon, whereby two physical transistors are connected
in parallel per switch. The employed gate drive employs the
LM5114 IC and the MAX13256 full-bridge transformer driver
IC for galvanic isolation of the high-side supply voltage and
is described in detail in [21].

The secondary-side full-bridge (cf. FB2) is realized with
60 V, 2.5 mΩ OptiMOS from Infineon, also with two physical
transistors per switch, and employs the UCC27211A gate drive

IC with bootstrapping supply of the high-side gate voltage.
The switching frequency of FB1 and FB3 is 100 kHz which
corresponds to the natural frequency of the series resonant tank
comprised of Lσ , the stray inductance of the transformer, and
Cres. The employed three-winding transformer, encompassed
by the PCBs and cooled by the air-flow exiting the heatsink,
is implemented by means of a PQ 40/40, N97 MnZn ferrite
core with custom-machined total height of 30 mm. In order
to adjust the magnetizing current to achieve Zero Voltage
Switching (ZVS) of FB1, a total air gap of 200 µm is intro-
duced resulting in a magnetizing inductance of 950 µH. HF-
litz wire according to the specifications in Tab. IV is used
to implement the three windings of the transformer, whereby
N1 = 31 and N2 = 4 results in a turns ratio of n = 7.75
and N3 = 2 results in a turns ratio of naux = 15.5. The
stacked DC-link capacitors of the PPC, Caux, are assembled
from 5× 22 µF, 100 V MLCCs, and VDC,aux is regulated to
50 V by means of adjusting the phase-shift between FB1/2

and HB3. An additional discrete inductor, L3 = 3.0 µH, is
added which results in a linearized power-transfer to phase-
shift ratio of Paux

Φ ≈ 4.795 W/◦ (cf. (7) and Tab. III). The
PPC is designed to process peak powers up to 150 W in order
to cope with the specified input voltage range (340 V - 420 V)
up to the rated power of the converter. At nominal DC input
voltage, Vin = 380 V, and 1.5 kW output power, the PPC
processes just 20 W which corresponds to a phase-shift of
roughly 4.2◦. The rectifier half-bridge, HB3, and the inverter
full-bridge, FB3, of the PPC, are implemented using 100 V
E-mode GaN HEMT from EPC in combination with Si8274
gate drive IC from Silicon Labs. The switching frequency of
the inverter is set to fs,aux = 600 kHz, a reasonable trade-
off between the distortion of the LLC converter’s sinusoidal
current and the occurring switching loss in FB3. The output
filter at the 48 V side of the converter was designed to meet
the 100 mV steady-state ripple requirement and confine output
voltage deviation during load and input voltage transients to

Control PCB TMS320F28335 FB1 - CoolGaN

5V DC Fans

CeraLink

Cout - Electrolytic
Capacitors

380 V DC 
Input

Partial-Power 
Converter

Transformer

FB2 - OptiMOS

LV-side PCB

48 V DC 
Output

HV-side PCB

Caux 
Laux 

Cres 

HB1 - EPC GaN

Fig. 7. Pictures of the implemented P3DCT hardware prototype taken from different perspectives.
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TABLE IV
TECHNICAL DETAILS OF THE IMPLEMENTED P3DCT HARDWARE PROTOTYPE

Component Parameter Description Part Number

Po
w

er
Se

m
ic

on
du

ct
or

s
FB1

600 V, 55 mΩ

Infineon CoolGaN
HV-side full-bridge,
2 transistors in parallel

FB2
60 V, 2.5 mΩ
Infineon OptiMOS

LV-side full-bridge,
2 transistors in parallel

BSC028N06NS

HB1
100 V, 3.0 mΩ
EPC GaN

Transformer-side half-bridge EPC2022

FB3
100 V, 5.6 mΩ
EPC GaN

HV-side full-bridge EPC2001C

Fs 100 kHz
Switching frequency of FB1, FB2,
HB1

Fs,aux 600 kHz Switching frequency of FB3

Tr
an

sf
or

m
er

&
R

es
on

an
t

Ta
nk

Core
PQ 40/40,
MnZn Ferrite N97

Customized 30 mm height and
100 µm gap

B65883A0000R097

N1 31 turns 120× 71 µm HF-litz wire
N2 4 turns 630× 71 µm HF-litz wire
N3 2 turns 120× 71 µm HF-litz wire
Lσ 18 µH Stray inductance of transformer
Lm 950 µH Magnetizing inductance of transformer
Cres 4× 33 nF 630 V C0G MLCC C3225C0G2J333J250AA

D
C

C
ap

ac
ito

rs
&

Fi
lte

r
Pa

ss
iv

es

Cin 5× 2 µF 500 V CeraLink
Caux 5× 22 µF 100 V X7S MLCC CKG57NX7S2A226M500JJ

Laux 3.0 µH
Coilcraft Power Inductor
43 A Isat

XAL1580-302

Cf 14× 22 µF 100 V X7S MLCC CKG57NX7S2A226M500JJ
Lf 150 nH Inductor 50 A Isat FP0906R1-R15-R

Cout
3× 560 µF 63 V Electrolytic Capacitor EGPD630ELL561MK25H
1× 680 µF 63 V Electrolytic Capacitor UHW1J681MHD6TN

C
oo

lin
g

Sy
st

em

lhs 11 mm Length of the heatsink
whs 50 mm Width of the heatsink
hhs 25 mm Height of the fins
wc,hs 0.7 mm Space between individual fins
bhs 4 mm Thickness of the baseplate
Fans 5 V DC Dimension: 25 mm x 25 mm MC25060V2-000U-A99

±500 mV (≈ ±1 % of 48 V). The implemented CLC filter
structure (cf. Fig. 2 ) is comprised of 100 V MLCCs at the
output of FB3, Cf = 308 µF, a subsequent 150 nH inductor
and an 2.4 mF output capacitance assembled from individual
560 µF, 63 V aluminum electrolytic capacitors.

The developed control system presented in Section III was
implemented on a TMS320F28335 Digital Signal Controller
(DSC) from Texas Instruments Delfino series, located on the
designated control PCB. The DSC generates the constant 50 %
duty-cycle gate signals for full-bridge FB1, FB2 and the
phase-shift adjusted half-bridge HB3 and the varying duty-
cycle gate signals for the inverter full-bridge, FB3. The control
board is supplied by means of a 12 V laboratory voltage
source and is equipped with 12 V/5 V DC/DC converters
(LMZ21701) to provide auxiliary power to the HV and LV
power boards. The ground potential of the control board
is connected to the DC- rail of the HV full-bridge FB1

(cf. terminal 2 in Fig. 2).

The DC input voltage, Vin, is measured by means of a

differential amplifier with a corner frequency set to 12 kHz
employing the AD8615 operational amplifier from Analog
Devices. The 48 V output voltage, Vout, is measured by means
of a differential amplifier with a corner frequency set to 48 kHz
employing the AD8615 operational amplifier. Subsequently,
the precision isolation amplifier ACPL-C79B from Broadcom
is employed to provide galvanic isolation between control
board and LV-side. The output current, Iout, is measured
with the current sensor ACS722 from Allegro featuring a
80 kHz bandwidth. The DC-link voltage of the PPC, Vdc,aux,
is sensed by means of a differential amplifier with a corner
frequency of 30 kHz employing the AD8615 operational am-
plifier and subsequently the ACPL-C87BT isolation amplifier
from Broadcom to provide galvanic isolation between PPC
and control board.

V. EXPERIMENTAL RESULTS

In this section the experimental measurement results of the
implemented P3DCT prototype are presented. First, the perfor-
mance of the converter system under steady-state conditions is
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presented and subsequently the effectiveness of the proposed
topology and control system is confirmed by step response
waveforms. The output voltage is tightly regulated to 48 V
and the DC-link of the PPC is regulated to 50 V.

A. Steady-State Measurements

The waveforms of the P3DCT operating in steady-state at
350 W output power (Pr/4) and 380 V nominal input voltage
are shown in Fig. 8 (a) and (b) and at 1.5 kW output power
in Fig. 8 (c) and (d). The high frequency ac waveforms of
the converter are shown in Fig. 8 (a) and (b) with a time
resolution of 5 µs/division and the DC waveforms are depicted
in Fig. 8 (c) and (d) with a time resolution of 5 ms/division.
The waveforms are labeled according to the circuit schematic
shown in Fig. 2. Clearly visible is the superimposed pulse
pattern in vFB1 and the deviation of current i1 from its
ideal sinusoidal shape which is more pronounced under light
load condition. The power processed by the PPC increases
from 9 W at 350 W output power to around 20 W at rated
output power also indicated by the increased amplitude of i3.
Moreover, the Vout voltage ripple requirement of ±100 mV is
met as can be inferred from Fig. 8 (b) and (d). The conversion
efficiency of the P3DCT was determined with the Yokogawa

WT3000 power analyzer and includes the 12 V auxiliary
power supply for digital control and gate drive circuitry as
well as the 5 V power supply for the employed DC fans.
Fig. 12 (a) depicts the measured conversion efficiency with
respect to output power of the P3DCT (blue line) and the DCT
without regulation (red line). The realized P3DCT exhibits an
efficiency of 97.7 % at 1.5 kW and shows a peak efficiency of
97.9 % around 1.0 kW. In comparison, the DCT transformer
without regulation (PPC disabled and/or bypassed) reaches
98.0 % efficiency at 1.5 kW and a peak efficiency of 98.1 %
around 1.0 kW. It must be mentioned, that in case of the
unregulated DCT, the input voltage Vin was slightly adjusted
(3 % max. deviation from nominal input voltage) to ensure
48 V at the output. It can be concluded that the additional PPC
leads to a reduction of efficiency by approximately 0.25 % for
an output power above 1 kW and to a reduction of 0.3 % -
1 % in the low output power range. At rated output power, the
reduction of 0.25 % in efficiency corresponds to an additional
power loss of roughly 3.75 W caused by the PPC assuming
that the loss of the DCT is unchanged. The PPC processes
around 20 W at the input terminal (cf. 3 − 3 in Fig. 2) in
this operating point which results in an estimated efficiency
of approximately 82 %. The efficiency with respect to output

vFB1  (200 V/div) vSW (50V/div)
i3        (5 A/div) i1      (5A/div) 

vin        (200 V/div) VDC,aux (1 V/div, AC)
iout       (20 A/div) Vout        (100 mV/div, AC) 

vin        (200 V/div) VDC,aux (1 V/div, AC)
Iout       (20 A/div) Vout        (100 mV/div, AC) 

vFB1  (200 V/div) vSW (50V/div)
i3        (5 A/div) i1      (5A/div) 

Time (5 µs/div) Time (5 ms/div)

Time (5 µs/div) Time (5 ms/div)(a) (b)

(c) (d)

Fig. 8. Measured steady-state waveforms of the P3DCT hardware demonstrator operating at a quarter of the output power, Pr/4 = 350 W, shown in
(a) and (b) and at rated output power, Pr = 1.5 kW, shown in (c) and (d). The waveforms of the HF link are depicted in (a) and (c) and the DC waveforms
are shown in (b) and (d). The waveforms are labeled according to the circuit schematic shown in Fig. 2.
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(a) (b)

fs
fs
fs
fs

Fig. 9. Efficiency of the P3DCT with respect to output power determined with Yokogawa WT3000 power analyzer. (a) shows the efficiency of the P3DCT
for nominal input voltage, Vin = 380 V, opposed to the efficiency of the unregulated DCT (main converter) without PPC. (b) shows the efficiency of the
P3DCT with respect to output power for different input voltages and switching frequencies of FB3 (cf. Fig. 2)

(a) (b)

Fig. 10. Steady state infrared image of the P3DCT operating at 1.5 kW output power. The PPC processes 100 W in the selected operating point. The
low-voltage side of the converter facing the IR camera is shown in (a) and the high-voltage side in (b).

power for the minimal and maximal specified input voltage,
Vin = 340 V and Vin = 420 V is depicted in red (cross
marker) and in yellow (star marker), respectively. Since the
PPC processes a larger share of the output power if the
input voltage deviates from the nominal 380 V, the overall
converter efficiency deteriorates as the PPC exhibits a lower
efficiency. At 340 V and 420 V, the overall efficiency at the
rated power drops to 96.7 % and 97.13 %, respectively. As
discussed in Section II-A, for lower than nominal input voltage
the power processed by the PPC only circulates within the
system and is not provided to the output which explains why
the overall efficiency at Vin = 340 V is lower compared
to Vin = 420 V. Moreover, the efficiency of the P3DCT
with inverter full-bridge FB3 operating at only 200 kHz (only
twice the DCT switching frequency,Fs) is depicted in purple
(diamond marker). It can be seen that the overall efficiency
marginally improves, most notably at light load conditions.
The infrared (IR) images in Fig. 10 show the steady-state
temperature distribution of the P3DCT operating at 1.5 kW
output power with 100 W being processed by the PPC. The
captured temperature distribution of the converter with the
LV-side and HV-side facing the IR camera is depicted in
Fig. 10 (a) and (b), respectively, and reveals that permanent
operation at rated power can be sustained by the realized
hardware. It can be seen that the max. measured surface
temperature of 95 ◦C is attained by the transformer winding.

The LV-side power transistors (OptiMOS) and the rectifier of
the PPC attain a steady-state temperature of around 80 ◦C. The
HV-side power transistors (CoolGaN) and the inverter of the
PPC exhibit a surface temperature in the 60 ◦C range.

B. Step Response Measurements

In order to assess the performance of the converter with
proposed control system, stepwise input voltage and output
load variations were applied. The output load was adjusted
with a Chroma 63202 electric load and the input voltage steps
were applied using a Xantrex XDC 600-10 DC supply. The
current and voltage slew-rates of the supplies were set to their
maximum supported values for the conducted step response
experiments. Figs. 11 (a) and (b) depict the output voltage
and PPC DC-link voltage of the P3DCT subject to a stepwise
change of output load between 0 W and 750 W. Likewise,
the response to a stepwise change of output load between
750 W and 1.5 kW is shown in Fig. 11 (c) and (d). It can
be seen from the measurements, that stepwise load changes
up to half the rated power are causing a Vout deviation of less
than ±500 mV (≈ ±1 % of 48 V) which is eliminated by the
control in less than approximately 5 ms. The deviation in DC-
link voltage, VDC,aux, remains within ±3 V and settles within
3 ms. The responses of the P3DCT subject to a 50 V stepwise
change in input voltage amplitude between 350 V and 400 V
are shown in Fig. 12, whereby in Fig. 12 (a) and (b) the input
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Vin        (200 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (200 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (200 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (200 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Time (2 ms/div)

Time (2 ms/div)

Time (2 ms/div)

Time (2 ms/div)(a) (b)

(d)(c)

Fig. 11. Measured output voltage Vout and PPC DC-link time behavior of the P3DCT hardware demonstrator subject to a stepwise output load change
between 0 W and 750 W shown in (a) and (b) and between 750 W and 1.5 kW shown in (c) and (d). The waveforms are labeled according to the circuit
schematic shown in Fig. 2.

voltage steps are performed at 750 W output power and in
Fig. 12 (c) and (d) at 1.5 kW output power. It can be seen from
the experimental waveforms, that the maximum Vout deviation
resulting from input voltage steps with 50 V magnitude is
also around ±500 mVand settles in less than approximately
8 ms. The deviation in DC-link voltage, VDC,aux, remains
within ±7 V and settles within 8 ms. Note that because of the
limited current sink capability of the employed DC supply,
the input voltage slope is mainly governed by the actual load
of the converter which explains the different slew rates in
Fig. 12 (c) and (d), and consequently there is an undershoot
of roughly 20 V present in Vin.

Remark: In order to visualize the basic operation of the
P3DCT, this paper is accompanied with additional video
content showing the oscilloscope screen with several captured
waveforms: Channel C1 (yellow) shows the PPC DC-link
voltage VDC,aux; Channel C2 (red) shows the PPC rectifier
current i3; Channel C3 shows output voltage Vout (blue);
Channel C4 (green) shows the primary full-bridge voltage,
vFB1. In Video A, the output voltage reference is slowly varied
between 43 V and 52 V in order to visualize how controller
PIout adjusts vaux; the superimposed pulse-pattern in vFB1

changes accordingly. The DC-link voltage controller, PIaux

adjusts the phase-shift according to the resulting processed
power (depends on level of vaux) which alters the amplitude
of current i3 to keep VDC,aux at its reference value. In a similar
fashion, Video B shows the waveforms of the the P3DCT
subject to a slow variation of the DC-link reference value
between 40 V and 60 V, illustrating how the DC-link voltage
can be changed while keeping Vout tightly regulated to the
desired 48 V. In Video C, the DC input voltage of the P3DCT,
Vin, is slowly varied between 340 V and 420 V. It can be seen
how vaux and thus the superimposed pulse-pattern is adopted
by controller PIout in order to keep Vout at 48 V despite the
changing input voltage.

VI. CONCLUSION

In this paper a novel approach to realize a high efficiency
380 V to 48 V DC/DC converter with output voltage regulation
was presented. A main DC/DC converter, implemented by
means of an unregulated resonant LLC converter operating
as DC transformer (DCT), is accompanied by a partial-
power auxiliary converter (PPC) dedicated to tightly regulate
the output voltage by means of adjusting the average input
voltage of the main converter. Taking advantage of the transfer
characteristic of the DCT, a filter-less implementation of the
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Vin        (20 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (20 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (20 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Vin        (20 V/div) VDC,aux (5 V/div)
Iout       (10 A/div) Vout        (1 V/div) 

Time (4 ms/div)

Time (4 ms/div)

Time (4 ms/div)

Time (4 ms/div)

(a) (b)

(d)(c)

Fig. 12. Measured output voltage Vout and PPC DC-link time behavior of the P3DCT hardware demonstrator subject to a stepwise change of the input
voltage change Vin between 350 V and 400 V shown in (a) and (b) for 750 W output power and in (c) and (d) for 1.5 kW output power. The waveforms
are labeled according to circuit schematic in Fig. 2.

PPC was proposed where the pulse-width modulated auxiliary
DC-link voltage is superimposed to the DC input voltage of the
main converter. Since the PPC processes only a fraction of the
rated power, the overall efficiency is only marginally affected.
A prototype of the proposed converter rated at 1.5 kW was im-
plemented and specified to cope with input voltage variations
between 340 V - 420 V. The hardware demonstrator features
an overall conversion efficiency of 97.7 % at rated power and a
power density of 8.6 kW/dm3. The performance of the partial-
power regulator with proposed control system was assessed by
means of input voltage and load step responses. A stepwise
change of half the rated output power (750 W) and a 50 V
stepwise variation of the input voltage are causing an output
voltage deviation of less than ±500 mV which is settled within
8 ms.

Adding output voltage control to an unregulated, series-
resonant LLC DC/DC converter by means of a PPC adds
roughly 10 % of volume to the converter while reducing
the overall efficiency by 0.3 %. The proposed PPC can also
be used to mitigate or completely eliminate the double-line
frequency DC voltage ripple in single-phase DC/AC converter
systems with very tight voltage ripple requirements and/or
demanding power density requirements.
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