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Abstract

In this work we demonstrate a high step-up single-

stage DC-DC micro-converter for photovoltaic (PV)

applications. To reduce the size of passive com-

ponents and the overall system, the circuit was de-

signed to work at a high switching frequency of 300

kHz, by relying on GaN power HEMTs. To reach the

high step-up ratio required in this type of applica-

tions, we designed a high-frequency planar trans-

former with high turns ratio, which enabled a high

boost of voltage in just a single-stage DC-DC con-

verter with a phase-shifted full-bridge (PSFB) topol-

ogy, reaching an efficiency of more than 93%.

1. Introduction

A common approach used in PV systems to in-

crease the DC link voltage required by a central

inverter is to connect the PV panels in series.

The disadvantage of this approach is that a single

shaded panel degrades the power extracted from

the whole string. Although there are methods to op-

timize the PV performance in partial shading condi-

tions [1], there is still a huge loss of extracted power

from a partially-shaded PV string. Paralleling PV

panels with dedicated micro-converters is a promis-

ing approach to ensure that the maximum power

is extracted from each panel, which in turn can re-

cover up to 30% of the annual performance losses

in PV systems [2]. This can be achieved with: 1.

Micro-inverters, which utilize a dedicated inverter

to connect each panel directly to the grid; 2. DC-

DC micro-converters, which connect each panel to

a DC bus, offering the flexibility to use a single cen-

tral inverter for all the PV panels; in this case, a local

maximum power point tracking (MPPT) can be re-
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Fig. 1: The concept of micro-converter; a promising ap-
proach for tracking maximum power point locally in PV
systems and overcoming the shading problem of panels

alized with the economical benefit of using a single

inverter. This concept, illustrated in Fig. 1, is also

beneficial for future DC micro-grids relying on PVs

as the primary source of power [3]-[4].

The main challenge of such micro-converters is

to achieve a high voltage step-up with high effi-

ciency. In this work, we present a high-efficiency

high step-up single-stage DC-DC micro-converter

using a PSFB topology. The high voltage step-

up was achieved with a planar transformer with

a high turns ratio of 1:12. A high switching fre-

quency of 300 kHz was chosen to reduce the size

of passive components and of the overall system,

which is very important for the integration of micro-

converters with PV panels. This was made possible

by the use of GaN power HEMTs due to their small

switching losses at high frequencies. We also dis-

cuss the unique advantages of the selected topol-

ogy, such as zero-voltage switching (ZVS), zero-

current switching (ZCS), and simplicity of imple-

mentation, combined with a compact design of the
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high-frequency transformer, which led to superior

thermal performance.

2. Topology

Among the categories of DC-DC converters, non-

isolated topologies typically present lower efficien-

cies and limited control over the output voltage [5].

Isolated topologies, on the other hand, use trans-

formers to provide galvanic isolation, which also al-

lows a significant voltage step-up in a single-stage

converter, suitable for the connection of a single PV

panel to the higher voltage DC grid. Several high

step-up converters have been introduced in liter-

ature, for example a LLC resonant converter [6],

however, the efficiency of LLC converters is de-

graded if a high gain range is demanded [7]. By

cascading a conventional boost converter with a

LLC [5] one can reach a high step-up with a two-

step voltage boost, which in turn adds to the com-

plexity of design, modulation and control of the con-

verter. In this work, we chose a phase-shifted full-

bridge topology, shown in Fig. 2, which offers a high

voltage step-up with a simple circuit and modulation

[8]. The input DC voltage is first converted to high-

frequency pulsed AC in the primary side inverter

(left bridge). The high frequency transformer T1

provides the required voltage step up, and on the

secondary side (right bridge), a full-wave rectifier

generates the DC output voltage. There are several

advantages of this topology, such as: 1. Simple

modulation based on the phase shift between the

gate signals of the two legs in the inverter, with-

out changing the carrier frequency; 2. Inherent

soft-switching (ZVS on turn-on and ZCS on turn-

off) by using the leakage inductance of the trans-

former; in addition the low output capacitance of

GaN switches improves the light load performance;

3. The high-frequency transformer provides gal-

vanic isolation and enables high voltage step-up in

a single stage. The parameters of the designed

micro-converter are listed in Tab. 1. In the next

section, we will discuss about the design of high-

frequency transformer, as the key component for

achieving high voltage step-up.

3. Design of high-frequency
transformer

The design of the transformer plays a critical role in

this topology, as it is responsible for the high step-

up in the voltage level as well as providing the iso-

lation between primary and secondary. In addition,

its leakage inductance contributes for soft-switching

of primary-side switches. We chose to design a

planar transformer due to their compactness, ex-

cellent thermal behavior, better reproducibility, sim-

pler manufacturing process and higher reliability [9].

The AC resistance of the windings was reduced by

controlling skin and proximity effects [10], with in-

terleaving the primary and secondary layers in pla-

nar designs [11]. The magnetic field density (B)

is needed to be kept below a reasonable value to

avoid excessive core loss in the ferrite core. This is

a serious limitation imposed from current materials

to the design of magnetics for high-frequency power

electronics. With equation (1) suggested in [12], we

calculated the maximum magnetic field density (Bp)

of 43.1mT at rated operating condition, which is still

far below the saturation magnetic field density of

N95 core material chosen for this design.

Bp =
V p

4fNAmin
(1)

In this equation, Vp is the peak value of the square

wave voltage, f is the fundamental frequency of

the square wave, N is the number of the turns and

Amin is the minimum core cross section.

Finite element analysis tool (COMSOL) was used

to investigate the behavior of the transformer oper-

ating at 300 kHz. Fig. 3(a) shows the non uniform

distribution of the magnetic field density inside the

core. The average value of B from simulation was

Tab. 1: Specifications of the micro-converter

Parameter Value
Rated Input Voltage 33 V

Max. Input Voltage 40 V

Max. Input Current 10 A

DC BUS Voltage 350 ± 10%

Switching Frequency 300 kHz
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Fig. 2: Phase-shifted full-bridge topology and the designed micro-converter

limited to 14 mT under full-load conditions, which

avoids excessive core loss, resulting in a smaller

temperature rise. The current density analysis of

the transformer windings shown in Fig. 3(b) was

used to investigate skin and proximity effects in

the windings, as well as the effect of interleaving

on the AC resistance in this design. Based on the

simulation, the AC resistance of 7.4 mΩ was calcu-

lated for the internal windings, and the measured

value for the prototype was 27.5 mΩ at 300 kHz.

The difference is due to the added resistance of

connection wires between the stacks and also to

the primary and secondary circuits. The PSFB

topology allows a bi-directional core excitation [5],

which combined with the high-frequency operation,

led to a compact transformer design reaching a

power density larger than 6 kW/l.

Fig. 4 shows the implemented planar transformer

with its specification detailed in Tab. 2. To reach a

12-fold voltage step-up, a turns-ratio of 5:60 was se-

lected and implemented with 5 stacks of 1:12 turns

in series. To reduce the AC resistance, especially

on the primary side which carries the high current,

we doubled the primary turns (in parallel) and in-

Tab. 2: Specifications of the planar transformer

Parameter Value
Turns ratio (Np:Ns) 5:60

Core
PQ 32/20 and

PQ 32/30 N95

AC resistance

(from primary side)
27.5 mΩ

Leakage inductance (Lr) 215 nH

creased the copper thickness to 140 μm (4 oz).

4. Experimental results

The primary-side inverter consisted of 4 EPC2022

devices paralleled with 4 low-voltage-drop schottky

diodes FSV20150V. The rectifier at secondary con-

sisted of 4 IDM02G120C5 SiC schottky diodes.

As discussed in section 2, the topology allows for

soft-switching of primary-side transistors. Fig. 5 to

Fig. 8 show the transients of switching for the tran-

sistors Q2 and Q4 respectively at the rated condi-

tion of the converter. Measuring the current at the

high-frequency current loop, deteriorated the circuit
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(a) Magnetic field density in the core; The aver-
age value is kept below 14mT to avoid exces-
sive core loss at high frequency

(b) Current density in the windings; Interleaving
of primary and secondary layers reduces the
AC resistance

Fig. 3: Finite element analysis of the designed trans-
former at rated condition at 300 kHz

performance, therefore we measured Vds vs. Vgs

to evaluate the switching behavior of the low-side

transistors [13]. As explained in [8], PSFB topol-

ogy does not offer similar conditions for achiev-

ing soft-switching in both legs. The condition to

achieve soft-switching for the lagging leg (consist-

Fig. 4: Stacked PCB layers of high-frequency planar
transformer prototype (left) and a single stack (right)

ing of Q3 and Q4 transistors) is more restricted than

the leading leg (Q1 and Q2), since only the leakage

inductance of the transformer participates in soft-

switching of the lagging leg, while for the leading

leg, both the leakage inductance of the transformer

and secondary-side filter inductor contribute to soft-

switching. Fig. 5 shows the turn-on switching tran-

sient for Q2 as it achieves ZVS. In Fig. 6 the turn-off

transient for Q2 occurs with zero current, achieving

therefore ZCS. Fig. 7 and Fig. 8 show the turn-on

and turn-off for Q4. Partial ZVS and full ZCS were

achieved on turn-on and turn-off respectively.

Temperature measurement of the transformer un-

der rated operation, performed at room tempera-

ture, is shown in Fig.9. The highest temperature

of the converter (87.7◦C) occurs at the the connec-

tion points of the transformer to the primary-side

inverter. The temperature of the primary and sec-

ondary circuits never exceeded 67◦C. It is important

to mention that this superior thermal performance

was achieved without using any heatsinks or forced

cooling.

Using an electronic load of 580 Ω, the efficiency

and output power (Po) of the converter at maximum

phase shift for different input voltages (Vpv) are il-

lustrated in Fig. 10. The converter maintains an

efficiency of more than 93% for a wide range of

output powers and input voltages without any effi-

ciency drop at low voltage conditions (the loss on

gate drivers and digital signal processor were con-

sidered negligible and thus not taken into account).
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Fig. 5: Turn-ON switching transient of Q2 FET, achieving
ZVS

Fig. 6: Turn-OFF switching transient of Q2 FET, achiev-
ing ZCS

Fig. 9: Temperature of high-frequency transformer; the
hottest point is the connection point of the transformer to
the primary-side inverter

Fig. 7: Turn-ON switching transient of Q4 FET, achieving
partial ZVS

Fig. 8: Turn-OFF switching transient of Q2 FET, achiev-
ing ZCS

Fig. 10: Efficiency of the converter at maximum phase
shift for various input voltages
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5. Conclusion

In this paper, a high-frequency high step-up single-

stage DC-DC converter based on GaN HEMTs was

presented for PV applications and emerging DC

grids. A high-frequency planar transformer was de-

signed to achieve high step-up in the voltage in a

single-stage micro-converter. An overall converter

efficiency of more than 93% for a wide range of in-

put voltages and output powers was achieved.
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