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Abstract: With the constant increase of energy consumption in the world, the efficiency of systems

and equipment is becoming more important. Uninterruptible Power Supply (UPS) is an equipment

that provides safe and reliable supply for critical load systems, that is, systems where a supply

interruption can lead to economical or even human losses. The Double Conversion UPS is the most

complete UPS class in terms of load protection, regulation, performance, and reliability, however,

it has lower efficiency and higher cost because of its high number of power converters. Silicon

Carbide devices are emerging as an opportunity to construct power converters with higher efficiency

and higher power density. The main purpose of this work is to design a three-phase AC-DC-AC

converter using Silicon Carbide for Double Conversion UPS applications. The aim is to maximize

efficiency and minimize volume and mass. The methodologies to size and choose the main hardware

components are described in detail. Experimental results obtained with the prototype prove the high

efficiency and high power density achievable with Silicon Carbide Metal Oxide Semiconductor Field

Effect Transistor (MOSFETs).
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1. Introduction

Currently, final energy consumption in the form of electricity accounts for a large share of the

world’s energy consumption, and may reach more than 50% in some countries [1]. In developing

countries, the consumption of electric energy presents accelerated growth, for example, it has increased

about 56% in Brazil and 455% in China between 2000 and 2014 [1]. Against this scenario, rational use

of electricity and energy efficiency of the generation-storage-distribution-consumption cycle become

very important for engineers and researchers that aim the sustainable development.

Among the various types of loads present in the electrical system, we can highlight the

critical loads, that is, loads that cannot have the supply of electricity interrupted regardless of

the environmental conditions and failures in the electrical system. Examples of critical loads are:

Telecommunications and information technology systems, hospital equipment, and banking systems.

In order to supply such loads, Uninterruptible Power Supplies (UPS) are often used.

According to the topology or configuration, UPS can be classified as double conversion, passive

standby, and line interactive types [2,3]. Double conversion UPS is generally preferred because of the

wide tolerance to input voltage variation, output voltage regulation and high system reliability [2,3].

A conventional three-phase double conversion UPS usually contains a rectifier, battery charger, battery

pack, inverter, and by-pass switches.
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Table 1. Main specifications and design criteria.

Especification Value

Output Power (Pinv) 10 kW
Output voltage phase-neutral (Va−inv) 127 V

Output current (Ia−inv) 26.25 A
Input Power (Pret) 11 kW

Input voltage phase-neutral (Va−ret) 127 V +/− 10%
Input current (Ia−ret) 32 A (worst case)
DC link voltage (Vdc) 400 V
Grid frequency ( fg) 60 Hz

Inverter’s switching frequency ( fsw−inv) 101.34 kHz
Rectifier’s switching frequency ( fsw−inv) 102 kHz

Ambient temperature (Ta) 40 °C
Max. junction temperature (Tj) 150 °C

Max. inverter current ripple(∆Imax−inv) 40% of peak current
Max. rectifier current ripple (∆Imax−ret) 30% of peak current

Max. DC link ripple (∆Vc) 5% of Vdc

Efficiency (η) 95%

3. Hardware Design

This section is focused on the design of the main hardware components. The following topics

are addressed: Thermal design (loss estimation and heat sink sizing), inductor design (Lret and Linv),

and capacitors sizing (DC link and filter capacitors).

3.1. Thermal Design

Despite being a good first step for comparison and topology choice, the estimation of switch

losses through the use of datasheet’s switching energy curves, as done in [18], is not accurate.

The manufacturer does not clearly state the conditions under which the double pulse test was

performed, the measuring equipment used, and the inductance of the switching loop are not reported.

Some researchers have published recent works reporting big differences between the energy curves

available in the datasheet and experimental curves verified in real prototypes [19–21].

The cited works used experimental setups to measure the switching energies to, then, be able

to use this data in the converter loss estimation. However, most of the time it is necessary that the

designer can estimate the losses of a converter without the need to perform an experimental procedure.

Thus, this work will use a simulation approach to estimate the energy curves of the SiC MOSFET

and, afterward, estimate the losses. The simulation will be done in Spice via SImetrix software using

the Spice model of the SCT3030AL transistor provided by the manufacturer. However, the simulation

must be done in order to model a more realistic condition of operation considering the inductances

of the power loop and transistors leads. These inductances exert great influence on the transistor’s

switching and can make it slower. Thus, a more realistic simulation was performed including the

parasitic inductances of decoupling capacitors, transistors, and PCB tracks. The simulation diagram

can be seen in Figure 2.

The simulation was performed for current values between 0 and 75 A, and the energy curves

obtained were plotted in Figure 3 with the curves provided by the manufacturer.

By analyzing the graph, it is possible to notice that the inclusion of the parasite inductances greatly

affects the switching losses, which reaffirms the need to minimize these inductances. The difference

reaches about 70% to the maximum current point. In addition, it is noted that when the current is close

to zero, the switching energy is not zero, this is due to insufficient energy to discharge and charge the

parasitic capacitances of the transistors. In this way, the switching will only occur after the end of the

dead time, when the complementary key will be closed, realizing the abrupt charge and discharge of

the MOSFETs output capacitances. Therefore, when the current is close to zero, the energy lost in the

switching corresponds to the energy stored in the parasitic capacitances.
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where n is a variable that depends on the number of levels, for 2-level converters n = 4 and for 3-level

converters n = 8. Thus, it is possible to calculate the value for input and output inductances. Firstly for

the rectifier:

Lret =
1

8
× 400

32
√

2 × 0.3 × 102, 000
= 36µH (2)

Then, a similar calculation is made for the inverter:

Linv =
1

4
× 400

26.24
√

2 × 0.4 × 101, 340
= 66µH (3)

It was decided to use relatively high ripple values to reduce the inductance required and improve

system dynamics.

For the choice of magnetic material, only alloy powder cores were considered because they are

often more suitable for operation at high currents and mid switching frequency range. It was decided

to fix the core size and choose the material based on its losses and its cost. Table 5 shows the main

characteristics of the evaluated cores.

Table 5. Characteristics of the magnetic cores considered.

Material High Flux XFlux MPP Kool Mµ

Composition FeNi FeSi FeNiMo FeSiAl
Part Number C058090A2 0078090A7 C055090A2 0077090A7

µr 60 60 60 60
AL (nH/Turn) 86 ± 8% 86 ± 8% 86 ± 8% 86 ± 8%

Bsat (T) 1.5 1.6 0.8 1.0
Tmax (°C) 200 200 200 200
OD (mm) 47.63 47.63 47.63 47.63
ID (mm) 27.88 27.88 27.88 27.88
HT (mm) 16.2 16.2 16.2 16.2
le (mm) 116 116 116 116

Ae (mm2) 134 134 134 134
AW (mm2) 610 610 610 610
Ve (cm3) 15.6 15.6 15.6 15.6

MTL (mm) 66.4 66.4 66.4 66.4
kc (mW/cm³) 0.055 0.034 0.155 0.026

α 1.32 1.332 1.12 1.29
β 2.22 1.825 2.05 2.01

Cost (USD) 6.60 2.21 32.42 5.19

Core losses can be calculated using the formula proposed by Steinmetz, which is an empirical

expression that is adjusted to the loss data by choosing 3 coefficients supplied by the manufacturers or

obtained from curves that can also be supplied by the manufacturers. The equation can be written as:

Pcore = kc f α B̂βVe, (4)

where kc, α, and β are the Steinmetz coefficients which depend on the characteristics of the material, f is

the operating frequency, B̂ is the peak value of the flux density, and Ve is the volume of the magnetic core.

However, this empirical equation is obtained from the application of sinusoidal flux densities.

The flux density imposed on magnetic materials of static converters usually has non-sinusoidal

waveforms. For this reason, many researchers have proposed improvements to the Steinmetz equation

to take into account the application of non-sinusoidal waveforms. Some of these proposals are Modified

Steinmetz Equation-MSE [24], Generalized Steinmetz Equation-GSE [25], improved Generalized

Steinmetz Equation-iGSE [26], and improved-improved Generalized Steinmetz Equation-i2GSE [27].

Some papers have presented accurate results when iGSE or i2GSE are used to estimate core losses,

with errors between the experimental and theoretical results lower than 10% [26–29]. The difference
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only the fundamental component was considered to calculate copper losses, core losses were considered

constant and independent of the load.

Table 6. Losses calculated for inductors.

Per Rectifier’s Inductor Per Inverter’s Inductor Total

Load Pcore Pcopper Pcore Pcopper Pinductors

25% 4.99 W 0.29 W 11.3 W 0.33 W 50.7 W
50% 4.99 W 1.16 W 11.3 W 1.33 W 56.3 W
75% 4.99 W 2.62 W 11.3 W 3.00 W 65.7 W

100% 4.99 W 4.66 W 11.3 W 5.34 W 78.9 W

3.3. Capacitor Sizing

The sizing of the DC link capacitor takes into account the ripple criteria. For the DC link capacitor,

the worst case occurs when the inverter feeds an unbalanced load, the higher the unbalance the greater

the ripple. Thus, it is possible to calculate the needed capacitance when the neutral current and the

ripple are given [4]:

Cdc =
Va−peak · In−peak

4π · fg · Vdc · ∆Vc
=

127
√

2 × 78.75

4π × 60 × 400 × 20
= 2344 µF (7)

where Va−peak is the output voltage peak value and In−peak is the neutral current peak value.

It was decided to use 4 electrolytic capacitors of 560 µF/400 V, manufactured by EPCOS part

number B43644B9567M000, in parallel, totaling a capacitance of 2240 µF for each Cdc group.

Then, the output LC filter capacitor will be sized based on the attenuation criteria, this filter is

required to attenuate harmonic components close to the switching frequency. It is a second order and

has attenuation of 40 dB per decade from the cutoff frequency, so the cutoff frequency, f c, will be

defined as less than one-tenth of the switching frequency, which will guarantee a 100-fold attenuation

in the amplitude of the harmonics. Therefore, the capacitor value can be determined by:

Cout =
1

(2π fc)2Linv
=

1

(2π
fsw
12 )

2Linv

=
1

(2π8.44e3)266e − 6
= 5.38 µF (8)

Thus, it was decided to use three capacitors of 2.2 µF/400 V in parallel, totaling a capacitance of

6.6 µF, the capacitors are manufactured by Panasonic part number ECQ-E4225KF.

The input LCL filter is formed by the grid inductance (Lg), rectifier inductance (Lret) and input

capacitance (Cin). Several researchers have published works where the central subject is the design

and modeling of LCL filters using different methodologies and criteria [32–35]. However, the grid

inductance changes depending on the electrical network, the equipment is expected to operate in

facilities where the grid inductance varies from 64.19 µH to 1.28 mH, which allows a short circuit

power from 10 to 200 times the power of the equipment. As the rectifier inductance and the grid

inductance were already defined, it remains only to size the input capacitor.

One of the criteria defined in [32] recommends to allocate the resonance frequency between ten

times the grid frequency (600 Hz) and half the switching frequency (51 kHz). The resonant frequency

of an LCL filter can be calculated by the equation:

fres =
1

2π

√

Lg + Lret

LgLretCin
(9)
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Table 7 shows a performance and power density comparison with regard to the converter as a

whole and to individual components.

Table 7. Performance and power density comparison between the developed SiC-based prototype and

a commercial IGBT-based Uninterruptible Power Supply (UPS) with the same specifications.

Parameter
Commercial UPS Prototype

Difference
IGBT-Based 15 kHz SiC-Based 100 kHz

Nominal point losses 950 W 500 W −47.3%
Hardware * mass 21.36 kg 6.88 kg −67.8%

Hardware * volume 11.9 L 4.38 L −63.2%
Filter capacitance (Cout) 90 µF 6.6 µF −92.7%

Filter capacitor mass (Cout) 226 g 23 g −89.8%
Filter capacitor volume (Cout) 200 cm³ 22 cm³ −89%

Filter inductance (Linv) 290 µH 66 µH −77.2%
Filter inductor mass (Linv) 1588 g 255 g −83.9%

Filter inductor volume (Linv) 464.8 cm³ 35.3 cm³ −92.4%
Heat sink mass 9400 g 4700 g −50%

Fan mass 1090 g 300 g −72.5%

* Hardware considers the sum of all components sized in the paper, that is, all capacitors, all inductors,
fans and heat sinks. It does not account for batteries, protections, auxiliary circuits, PCB nor steel case.

Silicon Carbide switches enabled the construction of an highly efficient prototype, the 450 W

reduction on losses allows a saving of about 1380 USD, considering that the prototype would operate

continuously during one year in Germany. Less losses also means lighter cooling systems, the mass of

heat sink and fans were reduced by 50% and 72.5%, respectively.

Additionally, the high switching frequency operation capability of SiC devices allows the size

reduction of passive components such as inductors and capacitors, Figures 11 and 12, these components

had a reduction of about 90% in mass and volume. The prototype measures 17 L and 7.13 kg, which

means a power density of 0.588 kW/L and a power-to-mass ratio of 1.4 kW/kg.

Figure 11. Size comparison between filter inductors for the developed SiC-based prototype and for a

commercial IGBT-based UPS with the same specifications.
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Figure 12. Size comparison between filter capacitors for the developed SiC-based prototype and for a

commercial IGBT-based UPS with the same specifications.

5.2. Experimental Results

The first result is the steady state behavior of the converter. Figure 13 shows the main input and

output electrical variables at nominal load measured with the power analyzer YOKOGAWA WT1800.

It is possible to note that these waveforms respect a sinusoidal shape that will lead to high power

quality, that affirmation is confirmed by measuring the THD of the input current and the output

voltage whose values are 3.8% and 3.2%, respectively. The measured rectifier power factor was 0.997 at

rated load. The input current THD is kept low, even for cases of light load, as shown in Figure 14 and

Table 8. The steady state performance under nonlinear was also evaluated, a nonlinear load rated at

3.3 kVA, Power factor 0.62, and Crest factor 3.4 was connected on phase A, Figure 15 demonstrates the

obtained result, the output voltage was kept at low distortion yielding a THD of 5.3%. The obtained

results validate the steady state operation and complies with the IEC-62040-3 and the IEC-61000-3-12.
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is 120 V (phase-neutral).









Electronics 2018, 7, 425 17 of 19

bandgap devices will offer energy savings and reduce costs with cooling systems and equipment

accommodation.
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Abbreviations

The following abbreviations are used in this manuscript:

UPS Uninterruptible Power Supplies

SiC Silicon Carbide

GaN Gallium Nitride

WBG Wide Bandgap

MOSFET Metal Oxide Semiconductor Field Effect Transistor

PWM Pulse Width Modulation

PCB Printed Circuit Board

THD Total Harmonic Distortion

PLL Phase Locked Loop
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