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Abstract

Hard-switched high-gain DC-DC converters such as the boost converter play an impor-

tant role in renewable energy systems. Research to increase their efficiency is important and

can be achieved using soft-switching techniques; however, that approach requires an aux-

iliary circuit. The auxiliary circuit decreases power density and reliability while increasing

the cost. Moreover, soft-switching topologies usually cannot improve the efficiency for all

power and voltage ranges. Wide bandgap (WBG) devices, such as gallium nitride (GaN),

result in lower switching losses than silicon (Si), can be used while retaining the simple

structure of a hard-switched topology. However, the high cost of these devices is prob-

lematic for their frequently cost-sensitive applications. To quantify the cost and efficiency,

this study compares soft-switching techniques and WBG-based switches in DC-DC boost

converters for a photovoltaic (PV) energy application. The performance of four proto-

types including the soft-switched and hard-switched DC-DC converters with both state-

of-the-art Si and GaN switches are evaluated in terms of cost, power density, efficiency,

and reliability using theoretical analysis, simulation and experimental results. It is shown

that the GaN-based hard-switched converter provides higher efficiency and power den-

sity; it is more expensive than its Si-based counterpart, yet is cheaper than soft-switched

converters.

1 INTRODUCTION

Nowadays, due to the increase in energy demand and limited

fossil fuel sources, research into renewable energy has increased

dramatically. DC-DC converters are a significant element of

renewable energy systems. For this reason, significant effort has

been applied to enhance performance in recent years, with high

efficiency, voltage gain, power density, dynamic response time

and reliability—as well as low cost—being chief considerations

[1–3].

It is well known that the volume of passive components is

inversely proportional to the switching frequency. At higher

switching frequencies, in addition to reduced passive compo-

nent volume, a low-capacitance and low-inductance filter can

be used, which also enhances the dynamic response of the

system. However, increases in switching frequency are limited

due to switching device availability (and cost), and also because

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is
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high-frequency operation increases switching losses consider-

ably [4]. Hence, several soft-switching techniques have been

introduced to augment traditionally hard-switched DC-DC con-

verters, thereby limiting switching losses [5–10] by commutating

the devices during their zero-current or zero-voltage transitions.

However, this augmentation requires an auxiliary circuit con-

sisting of inductors, capacitors, diodes and switches, which

increases the complexity and cost of the converter [11]. In addi-

tion, the soft-switching techniques cannot provide high effi-

ciency for all load ranges and, sometimes, they can only be

used for a narrow voltage and power range. Thus, soft-switching

techniques can only enhance the efficiency in the vicinity of the

nominal operating conditions and for the designed applications

[4]. Several authors have proposed soft-switched converters to

increase efficiency for a range of applications [4–12]. There has

been no rigorous analysis to confirm, once all implications of

implementing a soft-switched approach have been considered,

IET Power Electron. 2021;1–12. wileyonlinelibrary.com/iet-pel 1
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that the solution is more meritorious than a traditional hard-

switched approach. Therefore, this study compares, in terms

of cost, power density, efficiency and reliability, hard- and soft-

switching DC-DC converters.

The quality of the semiconductor devices has a signifi-

cant influence on the performance of the DC-DC convert-

ers. Recently, significant effort has been applied to decrease

the switching loss (chiefly by reducing parasitic capacitance)

and conduction losses (by reducing on-state resistance) of the

switching devices [13]. A breakthrough has been achieved by

using wide-bandgap (WBG) materials, such as silicon carbide

(SiC) and gallium nitride (GaN) [14]. The switching devices

based on WBG materials can not only be switched with greater

speed but also have lower switching losses compared to tradi-

tional silicon (Si) switches. In addition, they benefit from higher

maximum junction temperature (if appropriately packaged) and

lower conduction losses due to increased carrier mobility [15].

This allows high efficiency to be achieved at high switching fre-

quencies with the help of WBG-based switches while the con-

ventional simple structure of the DC-DC converter does not

need to be changed.

However, the use of WBG devices has some drawbacks. First,

WBG-based hard-switched converters still suffer higher switch-

ing loss than full soft-switched converters, where soft switching

is applied to all commutations. Second, WBG-based switches

are not yet as mature as Si switches, leading to increased cost.

Furthermore, they suffer from sensitivity to parasitic compo-

nents in the high-speed gate drive, high reverse-conducting volt-

age drop and high electromagnetic interference (EMI) because

of rapid switching [16].

The superior performance of WBG-based switches over Si-

based switches in terms of switching losses and switching speed

has already been confirmed in the literature [17, 18]. An effi-

ciency comparison between an Si-IGBT-based switch and a

GaN-based switch in a motor drive application is provided in

[19]. It is shown that the GaN-based drive has better efficiency.

In [20], the efficiency of Si and SiC-based switches in a high-gain

DC–DC boost converter for high-voltage low-power applica-

tions have been investigated. It was shown that the highest effi-

ciency is obtained when the power transistor is implemented by

a normally off junction field-effect transistor and the diode by

a SiC Schottky device with a small parasitic capacitance. In [21],

the common-mode EMI characteristics of GaN high-electron-

mobility transistor (HEMT) and Si metal-oxide-semiconductor

field-effect transistor (MOSFET) power converters in electric

vehicle (hybrid) applications have been studied. By paramet-

rically increasing the gate resistance of switches, the tradeoff

between converter efficiency and common-mode noise gener-

ation is quantified. In [22], a comprehensive analysis has been

performed between an insulated-gate bipolar transistor (IGBT)

two-level converter, a SiC MOSFET two-level converter, an Si

MOSFET modular multi-level converter (MMC) and a GaN

HEMT MMC, in terms of power losses and cost. The five-level

MMC with parallel-connected Si MOSFETs was found to be an

efficient, cost-effective converter for low-voltage applications.

In addition, EMI is compared between SiC and Si MMC using

carefully controlled relative measurements of radiated EMI in

[23]. It is shown that Si MMC offers slightly superior efficiency

even with slowed switching transitions compared to a SiC two-

level converter, resulting in significantly lower EMI.

Given these isolated studies, we aim to answer the important

question they raise: In general, are Si-based soft-switching DC-

DC converters more efficient and/or more convenient than

WBG-based hard-switched DC-DC converters or is the reverse

true? For completeness and to set benchmarks, we also investi-

gate WBG-based soft-switched converters and Si-based hard-

switched converters. For a comparison to be meaningful, all

four options must use modern, high-performance devices. The

super-junction (SJ) Si MOSFET has good performance in terms

of conduction and switching losses and we, therefore, compare

it to WBG-based switches.

Similar previous work has not covered the same scope. In

[24], for example, the authors present a comparison of Si-based

soft-switching and SiC-based hard-switching inverters. How-

ever, a comprehensive performance comparison was not pre-

sented in [24]; only cost and power losses were compared. It

should be noted that the characteristics of DC-AC inverters

studied in [24] and DC-DC converters studied here are sig-

nificantly different. Moreover, each technique (soft-switching

and state-of-the-art switches) can have different results for dif-

ferent applications. A method can be more efficient in a par-

ticular application such as a battery charger while it might be

less suitable for another application such as in PV systems.

This presents an opportunity to explore the space between

hard-switched topologies with the use of soft-switching tech-

niques, state-of-the-art SJ Si switches, and WBG semiconduc-

tors in low-voltage (< 650V) DC-DC converters for renewable

energy applications comprehensively. We, therefore, present a

case study that supplements existing literature and expands the

scope of knowledge to encompass DC-DC converters typically

used in PV applications.

In this study, the performance of four prototypes including

two soft-switched and two hard-switched boost converters, each

with either state-of-the-art Si MOSFETs or GaN HEMTs are

investigated in terms of efficiency, power density, cost, and reli-

ability. The topologies are based on the boost converter, which

is one of the most ubiquitous step-up DC-DC converters avail-

able. It is chosen because of its simple structure and very low

ripple input current, which is necessary for renewable energy

applications. In addition, among renewable energy systems,

modern AC-PV module (microinverter) systems have received

increased attention due to their unique advantages, for example,

resolving the negative influences of partial shading, higher max-

imum power point tracking efficiency, higher flexibility and reli-

ability, friendly plug-and-play capability, and simple installation

[25, 26]. Therefore, the performances of the aforementioned

converters are compared when their characteristics in terms

of voltage and power are designed to be used in microinverter

applications. Hence, the results of this comparison are accurate

for power levels of a few hundred watts and voltage levels of

a few hundred volts. As two exemplary candidates of WBG

devices, SiC MOSFETs and GaN HEMTs are regarded as

the successors of Si devices in the medium-to-high-voltage

(>1200 V) and low-voltage (< 650 V) domains, respectively

[15]. Hence, GaN HEMT is used as WBG switch, as the voltage

ranges of power switches for the designed converters are low
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FIGURE 1 Boost converter. (a) Schematic, (b) key waveforms

in this work. All converters are investigated and then compared

by the experimental and simulation results. It is shown that the

GaN-based hard-switching boost converter has a better perfor-

mance in terms of efficiency and power density. However, the

GaN-based hard-switched converter is more expensive than

its Si-based counterpart, but it is still cheaper than Si-based

soft-switching converter. This is despite GaN-based switches

being significantly more expensive than their Si counterparts.

This study builds on preliminary results presented at the IET

power electronics, machines and drives conference, 2020, by

including a more complete literature review, further simulation

results and experimental validation [27]. It is organised as

follows: The operating principles of hard- and soft-switched

boost converters and their specifications are presented briefly

in Section 2. Then, in Section 3, the four converters designs

are simulated under the same operating conditions and com-

pared in terms of efficiency, power density, reliability, and cost.

Experimental validation is presented in Section 4. Finally, the

discussion of achievement and a brief conclusion are given in

Section 5.

2 DC-DC CONVERTERS

2.1 Conventional boost converter

The conventional boost converter, shown in Figure 1(a), is used

as the benchmark of the study. It should be noted that the

underlying principles that will be applied are ultimately generic

and can be applied to a wide variety of DC-DC converter

topologies.

The operation of the boost converter in continuous conduc-

tion mode (CCM) is investigated in [28], and the key waveforms

over two switching periods are presented in Figure 1(b). The

boost converter has two operating intervals in each switching

period. In the first interval, the main switch Sm is turned on

and the output diode Do is off; thus, the boost inductor L is

charged by the input source. The second interval starts when

Sm is turned off and the output diode Do turns on: The energy

stored in the boost inductor is discharged to the output through

diode Do.

According to [28], the voltage gain and minimum inductance

value of the boost converter in CCM operation can be calculated

as Equations (1) and (2), respectively.

M =
Vo

Vin
=

1

1 − D
(1)

Lmin =
D(1 − D)2

V 2
o

2 fsPo
(2)

where Vin and Vo are input and output voltages, respectively;

D is the duty ratio; fs is the switching frequency; and Po is the

output power. The inductor peak-to-peak ripple currentΔiL can

be obtained as

Δ iL =
DVin

fsL
(3)

Similarly, peak-to-peak ripple of the output voltage can be

obtained by Equation (4). In Equation (4), Co is the output

capacitance.

Δ Vo =
DPo

VoCo fs
(4)

The voltage stress (i.e. peak drain-source voltage) of the main

switch is equal to the output voltage. The currents through the

main switch at the start of the turn-on and turn-off events are

given by Equations (5) and (6), respectively. Iin is the average of

the input current.

ISm (t =Ts ) = Iin − ΔiL (5)

ISm (t =DTs ) = Iin + ΔiL (6)

The root-mean-square (RMS) current of the main switch can

be calculated as follows:

ISm.b (rms) =
√

DI 2
in

(7)

The average and RMS current of the output diode can be

expressed as Equations (8) and (9), respectively.

IDo(avg) = Iin (1 − D) (8)

IDo (rms) = Iin

√

(1 − D) (9)

2.2 Soft-switched boost converter

Table 1 presents some well-known soft-switched boost convert-

ers against which a comparison could be made. In this study,

the soft-switched boost converter proposed in [6] is selected
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TABLE 1 Comparison of well-known soft-switched boost converters

Main switch Auxiliary switch

Ref.

Turn

on

Turn

off

Turn

on

Turn

off

Conduction

losses

Number

of

auxiliary

diodes

Number

of

auxiliary

inductors

Number

of

auxiliary

capacitors

Number

of

auxiliary

switches

Common

ground for

switches

[5] Soft Soft Soft Soft Low 0 1 1 1 Yes

[6] Hard Soft – – High 5 2 2 0 –

[7] Soft Hard Soft Hard High 0 1 1 2 No

[8] Soft Hard Hard Soft High 3 1 1 1 Yes

FIGURE 2 Soft-switched boost converter introduced in [5]. (a) Schematic

with differences from boost converter highlighted, (b) key waveforms adapted

from [5]

for analysis because, in the authors’ opinion, it is well-presented

and has a number of useful features. Both turn-on and turn-off

are soft for both switches. In addition, the conduction losses

from the auxiliary circuit are lower than its rivals. Furthermore,

it requires the fewest components, suppressing complexity and

cost. Its topology and key waveforms are presented in Fig-

ures 2(a) and (b), respectively.

It is worth noting that there are many other soft-switched

converters based on the boost converter. However, in order

for the comparison made to be fair, it is important that their

circuit topology does not differ significantly from the traditional

boost converter. For example, there are many high-gain (and

high-order) boost converters, with and without soft-switching

capability, which have plentiful applications and frequently

higher efficiency as a result of lower conduction loss due to,

for a given power rating, their switch currents being lower.

However, such a converter is not comparable to the traditional

boost converter. In this study, the comparison is made with the

converter in [6] so that the only advantage achieved relates to

reduced switching loss as a result of the soft switching.

The detailed operation of the chosen converter is described

comprehensively in [6]; we provide only an overview in this

study. As shown in Figure 2(a), auxiliary components consist-

ing of a resonant inductor Lr, a resonant capacitor Cr, and an

auxiliary switch Sa are added to the conventional structure of a

boost converter.

The converter has six operation intervals. The main switch,

Sm, is turned on at the zero crossing of the switch current (i.e.

zero-current switched, ZCS) because it is in series with the res-

onant inductor Lr and it is turned off at zero crossing of the

drain-source voltage (i.e. zero-voltage switched, ZVS) while the

switch current flows through the antiparallel diode. The auxil-

iary switch, Sa, is turned on at the ZCS condition because of

the presence of the resonant inductor Lr and boost inductor L,

and it is turned off at the ZVS condition after the voltage of the

resonant capacitor Cr reaches the output voltage.

The relationships between the voltage gain, minimum induc-

tance value, inductor current ripple, output voltage ripple, and

the average and RMS current of the output diode in this con-

verter are similar to the relationships of the conventional boost

converter. However, the RMS current of the main switch is

given by Equation (10). The RMS current of the auxiliary switch

and its body diode can be calculated by Equation (11); the

average current of the auxiliary switch body diode alone is

given by Equation (12). It is worth mentioning that the aver-

age current of the body diode of the main switch is negligi-

ble, as its current amplitude and turn-on time duration are very

low:

ISm.sb (rms) ≃

√

√

√

√

√DI 2
in
+

(

Vo

2Zn

√

fs∕ fr

)2

(10)

ISa.sb (rms) ≃ IDa.sb (rms) =
Vo

2Zn

√

fs∕ fr

(11)

IDa.sb(avg) =
Vo

𝜋Zn

√

fs∕ fr

(12)
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TABLE 2 Parameters of prototypes 1–4

Proto-

type

Output

power

Input

voltage

Output

voltage

Switching

frequency

Boost

inductor

Resonant

inductor

Output

capacitor

Resonant

capacitor Switch Diode

1 500 W 100 V 400 V 200 kHz 375 µH – 4.7 µF – IPW65R150CFDA SCS220AG

2 500 W 100 V 400 V 200 kHz 375 µH – 4.7 µF – GS66506T SCS220AG

3 500 W 100 V 400 V 200 kHz 375 µH 2 µH 4.7 µF 9.1 nF IPW65R150CFDA SCS220AG

4 500 W 100 V 400 V 200 kHz 375 µH 2 µH 4.7 µF 9.1 nF GS66506T SCS220AG

In Equations (10) to (12), Zn is defined as
√

Lr∕Cr, and fr

is the resonant frequency, 1∕(2𝜋
√

LrCr ). According to Equa-

tions (11) and (12), the average and RMS currents of the auxil-

iary components are independent of the output power. In addi-

tion, the resonant period Tr, ( = 2𝜋
√

LrCr) is independent of

the switching frequency.

2.3 Design characteristics of the prototypes

The conventional and soft-switched boost converters can be

designed according to the methods proposed in [6, 28], and,

for brevity, the design considerations of these converters are

not presented in this study. Using the relationships provided in

[6, 28], four prototypes including two hard-switched and two

soft-switched boost topologies were designed and their specifi-

cations are presented in Table 2.

Prototypes 1 and 2 are two conventional hard-switched boost

converters, while prototypes 3 and 4 are soft-switched boost

converters. Meanwhile, prototypes 1 and 3 use Si SJ MOSFETs,

while prototypes 2 and 4 use GaN HEMTs. All prototypes use

a state-of-the-art low-loss SiC Schottky diode for Do. To the

extent possible, the rated voltage and current of all devices are

similar, and each device is state-of-the-art in its category to pro-

vide a realistic comparison.

3 COMPARISON

In this section, the prototypes are compared and evaluated in

terms of efficiency, power density, reliability and cost using sim-

ulation results and theoretical analysis.

3.1 Power loss analysis

The relationship in Equation (13) is used for efficiency calcula-

tion. The losses of the components are obtained based on the

losses calculation procedure presented in [29, 30]:

𝜂 =
Po

Po + PLoss
(13)

In considering the power losses of each converter, the switch-

ing losses (
∑

PS
Loss

), diode losses (
∑

PD
Loss

), capacitor losses

(
∑

PC
Loss

), and inductor losses (
∑

PL
Loss

) are considered. The

power losses of a converter can be obtained by Equation (14):

PLoss =
∑

PS
Loss

+
∑

PD
Loss

+
∑

PC
Loss

+
∑

PL
Loss

(14)

The losses from the diodes can be obtained from Equa-

tion (15), where Vf and RD are the forward voltage drop

and series resistances of the diodes, respectively. ID(avg) and

ID(rms) are average and RMS currents of the diodes, respec-

tively. To simplify the analysis, reverse recovery losses asso-

ciated with Do are neglected, as they have a negligible influ-

ence on the power losses when a SiC Schottky diode is

used [31]:

PD
Loss

= RD I 2
D(rms)

+VfID(avg) (15)

The power losses of the switches (PS
Loss

) can be calculated by

Equation (16):

PS
Loss

= P
S,switching

Loss
+ P

S,conduction
Loss

+ P
S,gate

Loss
(16)

The power losses of the switches include three terms. The

first term is switching losses, which can be calculated from

Equation (17). In this equation, ton is the current rise time plus

voltage fall time, and toff is the current fall time plus voltage rise

time:

P
S,switching

Loss
=

1

2
ΔVDS(ISm (t =Ts )ton + ISm (t =DTs )toff ) fs (17)

The second term is the conduction losses. These losses occur

in the switch channel when the current is positive, and in the

body diode when the current is negative. The conduction losses

of switches can be calculated as Equation (18):

P
S,conduction

Loss
= Rds(on) I 2

D(rms,iD>0)
+ PD

Loss(iD<0)
(18)

where Rds(on) is the on-state resistance of the power switches,

ID(rms,iD>0) is the RMS current of the power switch when the

drain current is positive, and PD
Loss(iD<0)

is losses of its antiparal-

lel diode when drain current is negative.

The third term is the gate drive losses, which depends on total

input gate charge of the switch Qg, switching frequency fs, and

the voltage applied to the gate driver Vgg and can be calculated
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FIGURE 3 Efficiency comparison. (a) For different output powers, (b) for different switching frequencies at nominal specifications. Case temperature Tc = 25◦C,

rCo = 15 mΩ, rCr = 15 mΩ, powder core (T157-8), rL = 60 mΩ, ΔiL = 1A, rLr = 10 mΩ

according to Equation (19):

P
S,gate

Loss
= fs VggQg (19)

The losses of the capacitors due to their equivalent series

resistances (rC ) can be calculated by the following relationship

where IC (rms) is the RMS current through the capacitor:

PC
Loss

= rC I 2
C (rms)

(20)

Losses in the inductors result from ohmic (P
L, ohmic

Loss
) and core

losses. The ohmic losses of the inductors can be calculated as

Equation (21):

P
L, ohmic

Loss
= rL I 2

L(rms)
(21)

where IL(rms) is the RMS current of the inductor and rL is the

equivalent series resistance of the inductor. Inductors also suffer

eddy-current and hysteresis loss, which depend on the type of

core and ripple of flux density and can be calculated from the

datasheet.

The simulated efficiency curves for each of the considered

topologies are shown versus output power and switching fre-

quency in Figures 3(a) and (b), respectively. To obtain the losses

accurately, all designed converters have been simulated in similar

operating conditions indicated in Table 2. Since inductor design

has a large influence on cost, volume and efficiency, the induc-

tor was optimised for each switching frequency. Each design

uses a powder core; the design process and core selection were

performed using the procedure laid out in [32], and the clos-

est commercially available option was chosen. For the auxiliary

inductor, which suffers much higher losses, an inductor with

approximately 50% outer diameter was chosen.

The power losses and efficiencies are calculated for each data

point using data provided in the components’ datasheets. As

shown in Figure 3(a), prototype 2, the hard-switched boost con-

verter in which the GaN HEMT switch was used, provides

the highest efficiency, while prototype 1, the SJ Si-based hard-

switched boost converter, is ranked second. However, the soft-

switched boost converters (prototypes 4 and 3), which are based

on GaN HEMT and SJ Si MOSFET, are surprisingly ranked

third and fourth, respectively.

Since prototype 4 uses GaN switches with lower on-

resistance, it has better efficiency, compared to prototype 3.

To explain the reason, perhaps counterintuitively, the efficiency

of the hard-switched boost converter is higher than its soft-

switched equivalent even though both use similar semiconduc-

tors, we consider the following:

1. In high-gain and high-power DC-DC converters, conduc-

tion losses are usually the dominant losses. Therefore, in this

case, since the power and input current of the converters are

large, the influence of the switching losses is lower than the

conduction losses.

2. The higher the input current, the more the conduction losses

in the auxiliary components. Hence, even though this soft-

switched converter has low conduction losses at low power,

its conduction losses at high gain and high power are higher

than a comparable hard-switched converter.

3. There is a resonant inductor in the auxiliary circuit that suf-

fers significant core loss at high frequency and high current

ripple.

It is worth noting that the parasitic capacitances of the high-

voltage-rated (>400 V) switches and diodes are about 10 times

higher under very low drain-source voltage (<10 V). Therefore,

in soft-switched converters in which switches and diodes are

switched under ZVS conditions, the parasitic capacitances are

high, in the nanofarad range. The parasitic capacitances of the

semiconductors, printed circuit board (PCB) tracks and passive

components usually cause high-frequency voltage oscillation

across the semiconductor devices of the converter. In very low

voltage converters (<50 V), the amplitude of this oscillation is

also low; however, it becomes significant at high voltage, which

increases the losses of the converter, especially core losses.

To show the effect of high parasitic capacitance on the oper-

ation of the converter, the simulation results for the voltage

and current of the switches in the soft-switched converter when

the components are ideal and non-ideal are shown in Figures 4
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FIGURE 4 Simulation results of the ideal soft-switched boost converter. (a) iL , iSm, Vds.Sm, Vgs.Sm; (b) iL , iSa, Vds.Sa, Vgs.Sa

FIGURE 5 Simulation results of the non-ideal soft-switched boost converter. (a) iL , iSm, Vds.Sm, Vgs.Sm; (b) iL , iSa, Vds.Sa, Vgs.Sa

and 5, respectively. As shown in these figures, the parasitic ele-

ments have a noticeable influence on the circuit operation and

hence efficiency in the high power and voltage ranges.

According to Equations (11) and (12), since the resonant

current is relatively load-independent and its losses are near-

constant from low power to high power, the efficiency of the

soft-switched converter decreases at light power. Hence, the

soft-switched topology can only provide high efficiency at nom-

inal load condition. Accordingly, in PV systems and other appli-

cations where the input or load variation is considerable and

operation is far away from the nominal design, boost convert-

ers featuring auxiliary circuits have reduced suitability due to

the detrimental effects of currents circulating in their auxiliary

branch.

The efficiency of the GaN-based hard-switched converter

(prototype 2) is higher than SJ Si-based hard-switched converter

(prototype 1), as not only the GaN switch has lower switch-

ing losses, but the switch also benefits from lower conduction

losses due to lower on-state resistance. Since the GaN-based

hard-switched converter does not have any auxiliary circuits, its

efficiency does not decrease at low powers but actually increases

due to lower conduction losses. Hence, this converter is suitable

for renewable energy applications such as AC-PV module sys-

tems.

In Figure 3(b), the simulated efficiency of each considered

topology operated at different switching frequencies at nom-

inal specifications is presented. The efficiency of the hard-

switched topologies decreases with higher switching frequency

as expected. In addition, because the GaN-based switches

have a reduced switching loss, compared to Si-based switches,

the difference in efficiency between GaN-based and Si-based

hard-switched converters increases as the switching frequency

increases. For example, at 100 kHz, the difference is 0.5%, while

it is 1% at 400 kHz.

One might predict that the influence of switching frequency

is lower for soft-switched converters. However, for the afore-

mentioned reasons, the dominant losses in microinverter appli-

cations are conduction losses; since the resonant period is

frequency-independent and does not decrease with switch-

ing period, the conduction losses in the auxiliary components

increase at higher switching frequency. In addition, the core loss

of the resonant inductor increases noticeably as the switching

frequency increases.

The loss distributions of the all prototypes at nominal speci-

fications are illustrated in Figure 6. It can be observed that the

Si-based hard-switched converters have the highest switching

losses; the switching losses of the soft-switched converters are

negligible. However, the soft-switched converters suffer from

higher conduction and core losses, as they have an auxiliary

switch, capacitor, and inductor. In spite of the low value of the

resonant inductor, it has high core losses, as it is in series with

the main switch, which causes a high current ripple in it.

Although the soft-switched converter has lower switching

losses than a hard-switched converter, which uses a state-of-the-

art power switch, it has lower efficiency and cannot provide high

efficiency for light load ranges. Therefore, on efficiency alone,
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FIGURE 6 Loss distribution of the converters. Tc = 25◦C, rCo = 15 mΩ,

rCr = 15 mΩ, powder core (T157-8), rL = 60 mΩ, ΔiL = 1A, rLr = 10 mΩ

FIGURE 7 Comparison between all prototypes. (a) Volume, (b) power

density. L = Lr = T157-8, Co = KEMET ESH475M450AH2AA, Cr = WIMA

FKP2J014701I00HSSD

the GaN-based hard-switched converter is a better choice for

AC-PV module applications.

3.2 Power density analysis

In this section, the volume of the components used in the

implementation of the converters, including capacitors, induc-

tors, switches, diodes, gate drivers and heatsinks are compared.

In order to simplify the analysis, the volume of the control sys-

tem and PCB layout is not considered.

In order to provide a fair comparison, the design power of

each of the converters is 500 W. The volumes, which will be

presented in Figure 7(a), are, therefore, inversely proportional

to the power density and are themselves an indication of

performance.

The following relationship is used to calculate the minimum

thermal resistance RSa of the required heatsink for each device:

Rsa =

[

Tj − Ta

Pd
− Rjc − Rcs

]

(22)

where, Pd represents the losses of the device, Ta is the ambi-

ent temperature (assumed in this work to be 25◦C), Tj is junc-

tion temperature, Rjc is junction-to-case thermal resistance, and

Rcs is the case-to-heatsink thermal resistance. In cases where no

heatsink is required, the junction temperature of the device can

be calculated from Equation (23).

Tj = Pd Rja + Ta (23)

In this equation, Rja is the junction-to-ambient thermal resis-

tance. Assuming the use of SIL PAD TSP 1800ST insulating

pad [33], the case-to-heatsink thermal resistance Rcs for the

output diode, GaN HEMT and SJ Si MOSFET are 1.6, 8.6,

and 0.57 W/◦C, respectively. Note that, since the GaN HEMT

switch has the smallest contact area, its case-to-heatsink ther-

mal resistance is the biggest. The losses of the output diode

in all prototypes at nominal specifications are around 1.8 W;

therefore, according to Equation (23), the output diode does

not require a heatsink. However, it might need a heatsink in

higher power ranges (Po > 500W ). The values of Rjc and Tj

for all semiconductors are given in their datasheets. The power

losses of the main switch in the Si MOSFET-based and GaN

HEMT-based hard-switched boost converters at nominal spec-

ifications are 9.4 and 5.5 W, respectively. According to Equa-

tion (22), the main switches of GaN-based and Si-based hard-

switched topologies each need a heatsink with Rsa lower than

13.4 and 11 W/◦C, respectively. Therefore, the Fischer Elec-

tronic SK 55275AL and SK 55250AL heatsinks are selected for

the main switches of the prototypes 1 and 2, respectively. In pro-

totype 3, the losses of the main and auxiliary switches at nom-

inal conditions are about 10.6 and 6.8 W, respectively. Hence,

the Fischer Electronic SK 55275AL and SK 55225AL heatsinks

are selected for the main and auxiliary switches, respectively,

since the main and auxiliary switches need a heatsink with Rsa

lower than 9.5 and 16.4 W/◦C, respectively. Finally, the losses

of the main and auxiliary switches in prototype 4 are 6.9 and

5.3 W, respectively. Since the main and auxiliary switches need

a heatsink with Rsa lower than 8.8 and 14.3 W/◦C, respec-

tively, the Fischer Electronic SK 552100AL and SK 55237.5AL

heatsinks are selected for the main and auxiliary switches,

respectively.

The volume and power density of all the converters are com-

pared in Figures 7(a) and (b), respectively. Soft-switched boost

converters have larger volume. The volume of their control sys-

tem and PCB layout are larger; however, even without consider-

ing them, the hard-switched converters still have lower volume

than the soft-switched topologies. As shown in Figure 7(a), the
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TABLE 3 Component costs

Component Cost (£) Supplier

IPW65R150CFDA 4.25 Mouser Electronics [32]

GS66506T 14.85 Mouser Electronics [32]

SCS220AG 7.86 Mouser Electronics [32]

WIMA FKP2J014701I00HSSD 0.47 Mouser Electronics [32]

SI8261BAC-C-IP 2.10 Mouser Electronics [32]

KEMET ESH475M450AH2AA 0.43 Mouser Electronics [32]

SK 55225AL 0.26 Anglialive [33]

SK 55250AL 0.42 Anglialive [33]

SK 55275AL 0.45 Anglialive [33]

SK 552100AL 0.49 Anglialive [33]

SK 55237.5AL 0.28 Anglialive [33]

T-157-8 6.5 Pace Components [34]

FIGURE 8 Cost comparison for all prototypes

GaN-based hard-switched converter (prototype 2) is the small-

est converter. Despite the higher case-to-heatsink thermal resis-

tance of the GaN HEMT, compared to the SJ Si MOSFET, it

requires a smaller heatsink, as it has far lower losses. However, in

the soft-switched prototypes, the GaN-based topology (proto-

type 4) needs a larger heatsink than the Si-based topology (pro-

totype 3) because the difference between the switches losses is

small.

The GaN HEMT-based hard-switched boost converter, thus,

has a better power density than the SJ Si MOSFET-based soft

switching boost converter. It is, therefore, a better choice for

AC-PV module applications in which a DC-DC converter is

needed for each PV module.

3.3 Cost analysis

In this section, the costs of all the prototypes are evaluated

based on the average price of their components in the main

international distributors of electronic components [34–36].

According to the components used in power density sub-

section, the cost of all components and converters are pre-

sented in Table 3 and Figure 8, respectively. It has to be men-

tioned that this analysis is provided in January 2020, and these

prices may vary across days. Power switches, capacitors, induc-

tors, gate drivers, heatsinks, and diodes are considered, and to

simplify the analysis, the cost of PCB, inductor winding and

control system are neglected. As shown in Figure 8, the GaN

HEMT-based hard-switched converter (prototype 2) is £10.57

more expensive than SJ Si MOSFET-based hard-switched con-

verter (prototype 1). However, even though GaN switches are

far more expensive than SJ Si switches, the GaN HEMT-based

hard-switched converter is still cheaper than the soft-switched

converters (£3 cheaper than prototype 3 and £24 cheaper than

prototype 4). It is worth noting that the technology of Si and

GaN switches are not equally mature, and this cost gap may

close in the future. The cost of the control system and PCB lay-

out for the soft-switched converter is likely higher than for the

hard-switched converter, but even neglecting this, the cost of

the GaN-based hard-switched converter is lower than the soft-

switched topologies. The GaN-based hard-switched topology

is, therefore, a better choice for renewable energy applications

like AC-PV module systems in which cost is critically impor-

tant. However, considering cost alone, the hard-switched topol-

ogy, which uses SJ Si switches, is the best choice since it has the

lowest cost presently.

3.4 Final remarks

Increasing turn-on and turn-off time (e.g. by changing the gate

resistance) for both Si and GaN switches enhances their reli-

ability since it helps to diminish the voltage overshoot of the

switches due to parasitic inductances and capacitances in the

circuit. However, it also increases the switching losses. Fortu-

nately, this capability can be used in the selected soft-switched

boost converter topologies, as it does not have a significant

influence on switching losses. Even though GaN switches ben-

efit from fast switching, they suffer from high gate-drive com-

plexity and risk of oscillation, both of which affect the relia-

bility. Mean time to failure for a Si MOSFET switch is about

1.5 × 108 h, while for GaN it is approximately 1.9 × 106 h

[22]; thus, the GaN power devices are presently significantly less

reliable.

According to the aforementioned results, it is clear that the

GaN HEMT-based hard-switched converter has a better per-

formance in terms of efficiency and power density, compared

to Si SJ MOSFET-based hard-switched topology and soft-

switching topologies. However, this converter is more expensive

than Si SJ MOSFET-based hard-switching topology but is less

costly than soft-switched topology.

As we have seen, GaN switches have lower reliability, com-

pared to their Si counterpart. In addition and in general, soft-

switched boost converters, which have more components and a

complicated control system, have reduced reliability. The deci-

sion on which topology to use for any application must take into

account these considerations.

Finally, the results of this comparison are accurate for power

levels of a few hundred watts and voltage levels of a few hundred

volts, which are typical in renewable energy applications like AC-

PV module systems. Extension to other scenarios such as very
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FIGURE 9 Experimental set-up

low voltage and power applications is beyond the scope of this

study.

4 EXPERIMENTAL RESULTS

In order to confirm the theoretical analysis and simulation

results, all four prototypes were implemented and compared

using experimental results. The laboratory set-up is shown in

Figure 9. The DC link voltage is kept constant at 100 V by a DC

power supply, and a power analyser (Yokogawa PX8000) is used

to measure the efficiency of the converters. An advanced RISC

machines (ARM)-based microcontroller STM32F407VGTx dis-

covery board is used to generate the gating pulses with an appro-

priate duty ratio for the switches of the converters. The load

includes a constant resistance (150 Ω) in series with a rheostat

that can be changed from 10 to 1000 Ω to adjust the output

power of the converters.

To maximise the performance of the converters, some of

the design techniques implemented in this set-up are presented

as follows. First of all, the earth tracks are placed immediately

below the supply tracks on the PCB to decrease the stray mag-

netic flux and reduce EMI because of leakage inductance. Sec-

ond, small film capacitors (1 µF) are placed near the switches

to create a low impedance path for the switching signals, and

the gate drivers are placed as close as possible to their switches.

Third, the effects due to stray electric and magnetic fields are

reduced by minimising the length of tracks. In addition, the

heatsink is connected to the underside of PCB such that it does

not act as a voltage-driven antenna. Finally, the initial tempera-

ture of the heatsink is 25◦C.

The output voltage, Vo, the drain-source voltage, Vds.Sm
,

drain current, iSm
and gate-source voltage of the main switch,

Vgs.Sm in Si-based and GaN-based hard-switched boost con-

verters are shown in Figures 10(a) and (b), respectively. The

switching frequency is 200 kHz, the output power is 500 W,

and the output and input voltages are 400 and 100 V, respec-

tively. The main switches of the both converters are turned on

and off at the hard switching condition, which causes switching

losses. Also, the output voltage, Vo, the drain-source voltage,

Vds.Sm
, drain current, iSm

, and gate-source voltage of the main

switch, Vgs.Sm in Si-based and GaN-based soft-switched boost

converters are illustrated in Figures 11(a) and (b), respectively.

As shown in Figures 11(a) and (b), the operation of the soft-

switched and hard-switched boost converters are the same in

general, as the boost inductor is charged by the input source and

then discharges to the output. In addition, it can be seen that, in

prototypes 3 and 4, the switches are switched at soft-switching

conditions (they are turned on at ZCS condition and turned off

at ZVS condition), which makes their switching losses negligi-

ble. In addition, as predicted in Section 3, the parasitic compo-

nents cause a high-frequency oscillation in the circuits, especially

for ZVS topologies. The efficiency of all prototypes versus out-

put power and switching frequency are measured and compared

in Figures 12(a) and (b), respectively. In addition, the predicted

efficiency of the prototypes calculated by the simulation results

is shown with a dotted line in Figures 12(a) and (b). The exper-

imental results confirm the efficiency comparison provided in

Figure 3. The difference between the measured efficiency and

the theoretical prediction ranges from 1% in the hard-switched

topologies to about 3% in the soft-switched topologies.

There are a number of factors that explain these dis-

crepancies. First, the parasitic resistances, capacitances and

inductances in the layout paths were not considered in the

theoretical analysis. Second, the variable nature of the switching

frequency, whose experimental value is sensitive to unmodelled

parasitic elements, does not result precisely in the expected

theoretical value. The component characteristics, sourced

from the datasheets and used for theoretical analysis, are sub-

ject to tolerance and voltage and temperature dependencies.

Moreover, even though the switching losses are neglected in

the soft-switched topologies, they are not eliminated com-

pletely. Furthermore, as mentioned in Section 2, the parasitic

capacitors have an important influence on the operation of

the soft-switched converter, especially conduction and core

losses.

However, even considering these discrepancies, the experi-

mental results still confirm the predicted efficiencies provided

in Section 3. As predicted in the theoretical analysis, the GaN-

based hard-switched boost converters are the most efficient,

while the Si-based soft-switched boost converter has the low-

est efficiency. In addition, the Si-based hard-switched and GaN-

based soft-switched converters are ranked second and third,

respectively. All the aforementioned explanations for Figure 3

provided in Section 3.1 remain valid for Figure 12, so are not

repeated here.

The power density and cost comparison provided in Sec-

tion 3 are based on the experimental results and are not subject

to experimental validation, as datasheet dimensions and price-

list values are not prone to experimental variation.

5 DISCUSSION AND CONCLUSION

In this study, to investigate various methods used to decrease the

switching losses of the DC-DC converters, four prototypes are

implemented and evaluated. These were: (1) A hard-switched

DC-DC boost converter that uses a state-of-the-art SJ Si MOS-

FET; (2) a version of prototype 1 using a GaN HEMT power

switch; (3) a fully soft-switched DC-DC boost converter based

on SJ Si MOSFET; and (4) a GaN HEMT version of prototype

3. All the prototypes were simulated and tested experimentally

under the same operating conditions to compare their efficiency,
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FIGURE 10 Experimental results. Vo, Vds.Sm
, Vgs.Sm, and iSm

in (a) prototype 1, (b) prototype 2

FIGURE 11 Experimental results. Vo, Vds.Sm
, Vgs.Sm, and iSm

in (a) prototype 3, (b) prototype 4

power density and cost when they are designed to be used in

renewable energy applications such as AC-PV module systems.

The GaN-based hard-switched converter can provide the

highest efficiency from light power (100 W) to nominal power

(500 W) range, and Si-based hard-switched converter is ranked

second. However, the GaN-based and Si-based soft-switched

converters hold the third and fourth rank, respectively. In addi-

tion, the efficiency of the soft-switched converters decreases

FIGURE 12 Experimental efficiency comparison. (a) For different output powers, (b) for different switching frequencies at nominal specifications
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noticeably at light power range; thus, they are not a good choice

for PV systems in which power range varies across hours and

seasons. Furthermore, it is shown that the GaN-based hard-

switched converter occupies the smallest volume.

The Si-based hard switching is the cheapest converter, and

the GaN-based hard switching converter is ranked second.

However, the GaN-based hard-switched converter remains

cheaper than Si-based soft-switched converter, even though

GaN switches are far more expensive than Si switches. In addi-

tion, this cost gap between Si and GaN switches may close in

the future. Overall, using GaN in DC-DC converter does not

alter the simple traditional, it has a simple structure of the con-

verter and has better performance in terms of power density,

cost, and efficiency than the soft-switched converter, and it is a

better choice for renewable energy applications.
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