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Abstract: Many applications (electric vehicles, renewable energies, low-voltage DC grids) require
simple, high-power density and low-current ripple-boost converters. Traditional step-up converters
are limited when large transformation ratios are involved. In this work is proposed a step-up con-
verter that brings together the characteristics of high gain, low ripple, and high-power density. From
the converter proposal, a mathematical analysis of its operation is first performed, including its
static transfer function, stress of components, and voltage and current ripples. Furthermore, it pro-
vides a design example for an application of Vin =48 V to Vo =270 V and 500 W. For its implementa-
tion, two different wide bandgap (WBG) semiconductor models have been used, hybrid GaN cas-
codes and SiC MOSFETs. Finally, the experimental results of the produced prototypes are shown,
and the results are discussed.
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1. Introduction

In recent years, with the massive adoption of electricity as the main energy source by
end users, an adaptation in voltage ratings is taking place for distribution as well as for
consumption.

At the domestic and industrial level, the main promoters of change are the introduc-
tion of low-voltage direct-current (LVDC) distribution grids and the increasing use of re-
newable sources of energy. In this field, the proposed distribution and consumption net-
work voltages are in the 24-380 V range [1-7]. Based on the premise that the output volt-
ages of renewable energy sources—photovoltaic and fuel cells—are below the voltage
distribution and consumption level, the use of boost converters is required [8-10].

Within the automotive sector, the latest electric vehicle configurations operate in gen-
eral in the 150-450 Vdc range [11], requiring, as well, the use of step-up converters to
supply voltage to the electrical engines from the batteries or to charge them [12].

The aerospace and aeronautical segments do the same. The introduction of electric
propulsion systems and the transition from mechanical to electric drive systems have in-
creased electric power consumption, thus increasing the need to use higher voltage [13—
16].

In this scenario, DC-DC conversion systems play a key part, allowing the intercon-
nection between buses and loads from energy sources.

The expected features of such converters are reliability, size, weight, and reduced
current ripple. Input current ripple is particularly important in those systems where the
power source is a battery or fuel cell, because of its lifetime impact [17].

To solve these requirements, different solutions can be considered taking into account
the simplicity of design, implementation, and cost. In the previous mentioned applications,
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non-isolated interleaved boost converters are widely used [10]. Nevertheless, there are other
applications, usually related with high step-up ratios and high power, where efficiency is a
major concern. Here, isolated converters are used in order to optimize efficiency and en-
hance the security of the system thanks to the transformer, but in counterpart volume, mass
and price are increased [18,19].

A key factor in the converter selection topology is the step-up ratio. High step-up ratios
using simple converters and controllers is a challenging task due to the presence of zeros in
the left half-plane. This tends to unbalance the system when it operates at high duty cycles,
becoming the controller more sensitive to inaccuracies and delays [20].

Although there are techniques described in the literature to minimize these effects
[21,22], the use of voltage boosting techniques allows lower duty cycles, reducing the con-
trollers complexity but at the same time increasing the number of components [23].

Low duty cycle enables simpler multidevice structures in the converters, providing
several advantages: decouple the switching frequency from the inductor frequency, reduce
the input current ripple, share the losses among devices and in more complex designs, ena-
ble reconfiguration techniques to improve the versatility and robustness of the converter
[24].

Voltage boosting techniques can be used to reduce the duty cycle; the most popular are
based on charge pumps that are well-suited for low power applications [25], the use of volt-
age multiplication cells that require the use of capacitors [26], and finally the use of switched
inductors, based on magnetizing inductors in parallel and demagnetizing them in series
[27]. In this paper, the use of switched inductors will be analyzed.

In [28] a high-gain (from 32 to 800 V), non-isolated step-up converter with interleaving
is introduced. It employs voltage multiplication cells to keep a reduced duty cycle of 0.68.
The converter has been evaluated in different load conditions achieving a 95% efficiency for
500 W. Another high-gain (from 20 to 260 V), non-isolated converter is presented in [29]. It
uses transistor-switched inductors to achieve a reduced duty cycle of 0.75. For experimental
validation, it has been evaluated at 200 W loads, achieving 94.5% efficiency.

This work proposes a high-gain interleaving boost converter scheme that uses a
switched inductor for achieving high gain ratios with no need of high duty cycles. As men-
tioned, the switched inductor structure charges several inductors in parallel during the ON-
State and discharges them in series during OFF-State.

The main strength of this proposal lies in its great versatility. A widespread structure
of n interleaved phases, k phase-switched inductors and m phase-switched power transis-
tors is developed. This allows the optimization of the inductors, the limitation of the input
and output current ripple and power sharing between phases.

Considering the high step-up ratio required and with the aim of increasing power den-
sity, the prototypes have been fully developed with wide bandgap (WBG) semiconductors.
The key advantages of these semiconductors —SiC and GaN— over traditional silicon de-
vices are the Band Gap Energy, Breakdown Field, Saturation Drift Velocity and Thermal
conductivity. As a result, higher voltage transistors can be produced for higher tempera-
tures, which enables the optimization of thermal management systems—and higher fre-
quency —which reduces the size of the passive elements [30-33].

To conclude this introduction, the paper has been structured as follows: Section 2 pre-
sents the general topology and its working concept. In Section 3, two converters are pro-
posed, one based on SiC switches and one based on GaN switches. Section 4 presents and
discusses the experimental results, and it closes with a conclusion of the work in Section 5.

2. Converter description and operation principle

The proposed converter scheme has a multiphase high-gain boost (HGBoost) structure,
as shown in Figure 1a. The benefits of this type of structure, commonly referred to as the
Interleaved Boost Converter (IBC), are related to the power-sharing between phases and the
reduction of the input current ripple [34,35].
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According to Figure 1b, the proposal employs multiple switches per phase. The
switches will turn on sequentially every 360°/m, where m is the number of switches per
phase, sharing the power between all each period. On the other hand, there will be a phase
shift of 360°/n, where 1 is the number of phases. There is an impact of this type of imple-
mentation in terms of power and current distribution between switches. The main draw-
back of this type of implementation is the increased complexity of the control [10].

Additionally, the proposed converter incorporates a switched inductor cell (S-Induc-
tor) that improves the step-up voltage capability of the circuit.

A continuous current mode operation (CCM) would be considered for the HGBoost
operating description [36]. Each HGBoost phase has two states, ON-State and OFF-State
(Figure 2). The voltage and current waveforms in each inductor of the S-Inductor based on
each of the following states is shown in Figure 3a. It is important to note that due to the
interleaving, the duty cycle (D) will be within the range (0, 1/m), where m is the number of
switches per phase.

In the ON-state, one of the transistors is turned on. Because of the S-Inductor configu-
ration, during this interval, shown in Figure 2a, the k-inductors are connected in parallel. A
small unbalance voltage appears in the inductors in parallel; the first inductor and the k-th
have only one diode (Dp) in series (VF) in this state, thus they have a slightly higher voltage
according to the expression (1).

(b)
e Dopnr
[ HGBoot | Tl |
- Phase 1 - ! HGBoost l\\&, &,
T B e | Phasel - N
| o
l HGBoost N E =
1/!//l - Phase II _ JIUH[ =
L : ; ! : Y yp, Dm
: i Ro| Co Vin | D:ZJ L | Dii’
HGBoost i D
= - Phase n - = = Dy1
T S-Inductor
(a) ©

Figure 1. Simplified sketch of the proposed high-gain boost converter: (a) General diagram of the
n-phase converter; (b) Single-phase scheme with m transistors; (c) Scheme of the selected switched
inductor.

During the OFF-State all transistors are off and the current flows through the series
diodes (Ds), keeping them in series and supplying the load through the output diode (Do),
according to Figure 2b. The voltage in each inductor, assuming an identical charging in ON-
State of the inductors is given by (2).

{V(L)ON = V;y — Vp; for the first and last inductor 1)
V(L)on = Vin — 2Vg; for the rest of inductors
Vin =V,
V(L)orr = - Ve 2)

k
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Figure 2. HGBoost equivalent states: (a) ON-State. (b) OFF-State.

Assuming identical inductances, the following DC transfer function (3) can be ob-
tained, where D means the one-switch duty cycle, vi» the input voltage, vou the output volt-
age, m the number of switches per phase and k the total number of inductors in the S-induc-
tor. A graphic representation of the output voltage as a function of Dm for an input voltage
of 48 V and different k is shown in Figure 3b.
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Figure 3. Waveforms and graphic transfer function: (a) Current and voltage waveforms in an in-
ductor (L) of one inductor from S-Inductor. (b) Graphic DC transfer function representation (Vo)
for different numbers of inductors of the S-Inductor (k). An input voltage of 48 V and a direct di-
ode drop (Vr) of 0.7 V are considered. In continuous line, the drop voltage of the diodes is ne-
glected, in dashed line, a 0.7 V voltage drop is considered.

The stress on the semiconductors will be analyzed next. The blocking voltage sup-
ported by the parallel diodes of the S-Inductor (Dyi; - Figure 1c) are described in (4) and
(5). It should be noted that the Dyi1diode is connected to the input and the Dyi2 diodes are
connected to the output. In all cases Vr was neglected compared to the magnitude of the
input and output voltages. The maximum blocking voltage in the series diode (Dsi) of the
S-Inductor is described by (6).

V(Dpin) = % Vour = Vi) (4)
k—i

V(Dpiz) = T(VOUT —Viv) (5)

V(Ds;) = Vin (6)

On the other hand, the maximum voltages supported by the switches correspond to
the output voltage Vps(Q) = Voyr.
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For the inductor current, it is possible to calculate, assuming no losses, an average
current per inductor defined by (7) where n is the number of phases and i, the output
current.

(i) = —= 2 )

(1-Dm)
Maximum diode current corresponds with the maximum inductor current, defined ac-
cording to (8). Maximum switch current is defined by (9) where fis the switching frequency.

(io) VinD

Lnax (D) = imgx(L) = n(1—Dm) + 2fL (8)

)

Inax(Q) = k( o) V”‘D>

n(l1—Dm) 2fL

As mentioned before, an advantage of interleaving topologies is the decreasing of cur-
rent ripple, (10) and (11) are the expressions for input and output current ripple are de-
scribed, where
Y =m(T —ty,)f and X =nY.

X\ X +1

Bt s = iin) [(=3) (Tt_ b [(X e e o Y)] (10)
12v" ()

Ay, = (k — 1)% +(k+1) [;‘;IL) (11)

3. Converter Design Example:

The prototype for experimental validation is a two-phase device (1 = 2), with two
switches per phase (m = 2) and two inductors per phase (k = 2). The voltage gain is Vo/Vin=
5.6, with Vin=48 V and Vour=270 V. Based on (3), this implies a switch duty cycle of 0.35.
This voltage range is well-suited for a large number of applications [1,5,37-39].

Because of the high output voltage, full WBG diodes and switches have been consid-
ered. In both cases, the diodes are SiC, but SiC and GaN switches have been tested. In
addition, Schottky SiC diodes minimize switching losses and make it possible to increase
the switching frequency compared to silicon diodes [30].

SiC and GaN switches, due to the high voltage breaking field, can be produced using
thinner wafers —compared to Si—achieving significant reductions in resistances (Ror) and
parasitic capacitances. In practice, this means lower switching losses [31] and also lower
conduction losses, enabling the reduction of thermal management systems and increasing
power density [32].

A major constraint for this use is the special driving characteristics required. On one
hand, the low capacitances of the devices (Cis, Coss, Crss) require layouts with minimum
source inductance in order to minimize the ringing on switching [40,41]. Furthermore, and
especially for GaN devices, they have a high sensitivity to gate overvoltages [40]. The lat-
est SiC switch (MOSFET) reviews incorporate dedicated source terminals to minimize the
effects of source inductance on switching [42]. Due to their gate-overvoltage sensitivity,
some GaN switch manufacturers integrate transistor and controller on the same chip [43];
however, currently these devices are for 300 V and are therefore not suitable for this ap-
plication.

To achieve the GaN device advantages without the driver disadvantage, hybrid de-
vices were considered. A GaN cascode hybrid switch uses a GaN Junction Field-Effect
Transistor (JFET) as the main power control device, while a conventional low-voltage Si
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MOSFET is used to control it. Consequently, very balanced devices in terms of perfor-
mance/drive requirements are available in the market.

The developed prototype to validate the proposal is shown in Figure 4, and the se-
lected elements are in Table 1. To drive both transistor proposals (TP65H035WSQA and
SCT3120ALHR), CREE's CPWR-AN10 driver was used. One of the advantages of this
driver lies in the use of unregulated isolation sources to provide controlled ON and OFF
voltages to the transistors [44] allowing the validation of both transistors without major
layout changes. The manufacturers' recommended driving voltages were used [45,46].
The CPWR-AN10 includes an optoisolated inputs control, and a Zynq®-7000 Xilinx unit
was used to generate the PWM control signals.

S-Inductor

Input Capacitors Diodes Inductors Switches  Output Diodes

Drivers Input

v - Supply

- !
Phase |
Output

Phase IT

Drivers

Figure 4. Top and side view of the prototype circuit.

Table 1. Parameters and elements selected in the prototypes.

Element Value Ref
Input Voltage — (Vin) 48V PSW 80-40.5 - GW Instek
Output Voltage — (Vo) 270V (D =0.35)
Power 500 W 4x HSC200150R] - Tyco
Inductances — (S-inductor) 33 uH 7443643300 — WE
Diodes SiC-1200 V/12 A UJ2D1210T — United SiC
. Opl: SiC - 650 V/120 mQ SCT3120ALHR - ROHM
Switches — (Q)
Op2: GaN - 650 V/41 mQ TP65H035WSQA — Transph.
Drivers WBG Driver CPWR-AN10
Input Capacitor — (Cin) 200 pF FFV34E0107K - AVX
Output Capacitor — (Co) 590 uF FFVE410227K - AVX
Switching Frequency 100kHz Xilinx Zynq®-7000

4. Experimental Results: SiC and GaN Versions

A MDO3104 Tektronix mixed-domain oscilloscope was used as a data acquisition
instrument. Tektronix TCPO030A current probes and Tektronix THDP0200 high-voltage
differential probes were also used.
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For its operation, the converter was controlled in open loop, through a fixed duty
cycle (D = 0.35) for a constant output voltage. The same measurements were carried out
using SiC and GaN switches.

Phase currents and switch voltages

The phase current and the drain-source switch voltage waveforms are shown in Fig-
ure 5a for the SiC converter and Figure 5b for the GaN converter.

First, correct phase interleaving is verified. For the SiC converter, Figure 5a, a
properly balanced current is verified, with a maximum current of roughly 11.3 A; this
value has good correlation with (8), assuming identical inductors. In the GaN converter
Figure 5b, there are 400 mA maximum current variations per phase; this may be due to
the tolerance of the inductors (15%).

By means of a voltage analysis of the switches, the DC transfer function (3) is verified,
as well as the output voltage, since Vps(M;) = Vyyr.

On the other hand, some switching ringing appears, due to resonances between the
parasitic elements of the circuit [47]. However, the ringing overvoltage is within the nom-
inal voltage of the switches (650 V) and does not represent a risk.

12
12

= 10

< 10
= 8 8
S

” 6
— 4 4 4 A

= 4 4
T2 2
Z 400
~ 400
< 300
< 300

- 200
~ 200
<

£ 100 100
=

Z 0 iy ot e 0

0.000  2.500p 5.000p 7.500p 10.000p 12.500p 15.000p 17500 20.000p 5.670m 5.672m 5675m 5677m 5680m 5.683m 5685m 5688m 5690m
Time (s) Time (s)

(a) (b)

Figure 5. Converter waveforms: (a) SiC switch converter (SCT3120ALHR). Upper waveform: In
orange current i(Ph1) (2 A/div); in blue i(Phz) (2 A/div). Lower waveform: In green Vps(Mz,rn1) (100
V/div); in red Vbs(Mu,riz) (100 V/div). Time scale 2.5 ps/div. (b) GaN switch converter
(TP65HO35WSQA). Upper waveform: In orange current i(Ph1) (2 A/div); in blue i(Ph2) (2 A/div).
Lower waveform: In green Vps(Mzriz) (100 V/div); in red Vps(Mz1,ri2) (100 V/div). Time scale 2.5
us/div.

Output currents and Output Diode Voltage

Figure 6 shows the converter output current (ior) waveform before the output capac-
itor (Co) and the single-phase output diodes voltages as well as the drain-source switch
voltage for SiC Figure 5a and GaN Figure 5b prototypes.

It can be noted that the output current frequency equals twice the frequency from
one switch, allowing it to reduce the voltage and current ripple.

The inductor tolerance effects are shown more clearly in the GaN prototype again in
Figure 6b; however, these currents are within the range of the output diodes (U]2D1210T).
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() (b)

Figure 6. Converter waveforms: (a) SiC switch converter (SCT3120ALHR). Upper waveform: In
orange current iout (2 A/div). Lower waveform: In green Vps(Mzri2) (100 V/div); in red V(Dout,pi2)
(100 V/div). Time scale 2.5 ps/div. (b) GaN switch converter (TP65H035WSQA). Upper waveform:
In orange current iout (2 A/div). Lower waveform: In green Vos(Mi,piz) (100 V/div); in red V(Dout,pn2)
(100 V/div) Time scale 2.5 ps/div.

Inductor Currents

Figure 7 shows the first inductor current of each S-Inductor, Figure 7a for the SiC
converter and Figure 7b for the GaN converter. It can be verified that both converters work
in continuous mode with about 500 mA of margin. The maximum currents reached are in
accordance with the theoretical value (8), at 5.6 A value.

o
o

-

i(Lypn2) (A)

w
w

©

i(Lypn1) (A)

5676m 5.678m 5.680m 5.682m 5684m  5686m  5.688m  5.690m 5676m 5.678m 5.680m 5.682m 5684m 5686m  5.688m  5.690m
Time (s) Time (s)

(a) (b)
Figure 7. Converter waveforms: (a) SiC switch converter (SCT3120ALHR). In orange current
i(L1,pn1) (2 A/div); in blue i(Lipir) (2 A/div). Time scale 2 us/div. (b) GaN switch converter
(TP65HO035WSQA). In orange current i(Li,rn) (2 A/div); in blue i(L1pu1) (2 A/div). Time scale 2
us/div.

Efficiency

Figure 8 shows the efficiency of the prototypes under different load conditions, 156
Q and 94 Q. For its operation, a fixed 0.35 duty cycle was selected and an input voltage
sweep between 12 and 48 V was performed, regardless of the type of semiconductor em-
ployed (5iC & GaN).
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Figure 8. Prototypes efficiency under different load and input voltage. In light green SiC prototype
with 156 Q load. In dark green SiC prototype with 94 Q) load. In light blue GaN prototype with 156
Q load. In dark blue GaN prototype with 94 Q load.

5. Conclusions

An interleaved high-gain boost converter based on a switched inductor able to pro-
vide high-gain ratio for operation in low-voltage DC networks and automotive power
systems has been presented and validated in this paper. The main advantage of the pro-
posal is its high versatility, allowing power sharing between phases and switches, and
reducing the current ripple.

The equations provide three adjusting parameters, m (number of switches per phase),
k (number of switched inductors per phase), and n (number of phases). Thanks to its high
level of configurability, the proposal's design can cover a wide range of step-up voltages
and power ratings.

For its validation, two 500 W converters with 48Vi» and 270V, were designed; a two-
phase device (n = 2), with two switches per phase (m = 2) and two inductors per phase (k
=2) were selected.

The experimental results based on the use of SiC and GaN switches show very uni-
form results from the point of view of switching response as well as efficiency. Since the
evaluated WBG devices have different driving voltages, the use of an adjustable voltage
driver (CPWR-AN10) was possible to validate the design with both switches without
driver changes.

For future works, it would be interesting to evaluate the operation using soft switch-
ing techniques to increase efficiency and to suggest synchronous rectification techniques
to minimize the impact of the diodes.
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