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W
hen I first started 
in the power elec-
tronics industry 
in the seventies, 

device selection was limited. We 
were moving from silicon bipo-
lar transistors and rudimentary 
rectifiers to MOSFETs and better 
rectifiers. Surface-mount technol-
ogy and co-packaged ICs with 
power devices and/or drivers 
were unheard of and using WBG 
(wide bandgap) devices was a 
theoretical dream. I remember 
finding sample parts by flipping 
through databooks and calling 
distributors to see what they 
might have in stock locally and 
driving to pick them up or wait-
ing for weeks for delivery. Today 
designers have a choice of more 
power devices than ever thought 
possible 20 or 30 years ago.

Now we have silicon MOSFETs. 
We have IGBTs, both silicon and 
silicon carbide MOSFETS, and 
we have GaN (Gallium Nitride) 
parts gaining in applications use. 
Rectifiers are much better than 
ever before and include a pleth-
ora of technologies: standard, 
fast, ultrafast, super-fast, highly 
efficient, Schottky and trench 
Schottky devices. We also have 
silicon carbide rectifiers, mostly 
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used in PFC (power factor correc-
tion) boost stages, and applica-
tions are expanding. 

Packaging has also evolved to be 
almost as, or equally, important as 
the devices themselves. Packaging 
continues to improve not only in 
overall size but also in height. In 
the early 90s when surface-mount 
(SMA, SMB, SMC) packages were 
introduced, nobody imagined 
they could be improved upon. 
But here we are with thin SMA 
package mainstreaming to lower 
the height/thickness of products. 
We also have packages, such as 
SOD128 and other alternatives, 
increasing power density. These 
newer devices not only produce 
less heat and have higher efficien-
cy in applications, they also are 
able to remove that heat into the 
PCB much faster by using thermal 
heat spreaders incorporated into 
the packages, thus enabling end-
applications to increase power 
density without increasing cost.  

The co-packaging of devices was 
simply unheard of not too long 
ago. Now, not only do we have 
better power semiconductors and 
better discrete packaging (or no 
packaging, just die), we also have 
device combinations with func-

tionally integrated blocks with 
either the controller included or 
driver power device partitioned to 
using an external controller. We 
also have complete power stages: 
just add the missing blocks and 
you are ready to process power. 
In other words, designers can 
add a handful of external parts, 
use the online tools to do the de-
sign, and they have a fully work-
ing power converter with relative 
ease compared to yesteryear. 

In the DC-DC area, integrated 
point-of-load (POL) devices, 
complete with integrated mag-
netics, are available and cost ef-
fective. And even though we have 
access to parts for our designs 
that would have seemed to be 
out of science fiction not long 
ago, some things were predicted 
incorrectly. For instance, the 
demise of through-hole devices 
and small-signal semiconduc-
tors. They are still used for new 
designs daily and will be with us 
a long time. 

What is next when it comes to 
device and package options? If 
past is prologue, I would say the 
possibilities are endless.
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Solar Inverter Design

By: Mostafa Khazraei, Senior Staff Application Engineer and Damijan Zupancic, 
Application Engineer, Infineon Technologies

The Race to Design High-Efficiency, High-Power-Density Inverters

D
ue to the ever-increasing 
demand for a clean 
and renewable source 
of energy, installing 

solar systems has accelerated 
significantly in the last decade. 
Contemporary solar applications 
require very highly efficient, power-
dense and lightweight grid-tied 
inverters. 

Traditionally, IGBT has been the 
device of choice in both three-
phase and single-phase (≤10 
kW) solar inverter designs while 
superjunction (SJ)  MOSFETs 
(600/650 V) also have been used 
in some single-phase designs. 
But both IGBTs and SJ MOSFETs 
have their drawbacks that limit 
the efficiency and power density 
of inverters. 

Recently engineers have focused 
on two different approaches to 
improve efficiency and power 
density of single-phase inverters 
to even higher levels. One is 
replacing IGBT and SJ MOSFETs 
with wide bandgap devices like 
SiC MOSFETs. Another approach 
is replacing the traditional 
topologies (H4, H5, H6, etc.) with 
multilevel topologies using lower 
voltage silicon MOSFETs. As we 
discuss in this article, using these 
two approaches efficiency up to 

99% and very high power density 
inverters can be designed.

Replacing IGBTs and SJ MOSFETs 
with SiC MOSFETs
IGBTs suffer from high switching 
losses that limit their use to only 
frequencies less than 20 kHz. On 
the other hand, high Qrr, slow 
body diode and relatively high 
RDS(on), limit SJ MOSFETs usage 
in inverter applications.  These 
constraints limit the efficiency 
and power density of conventional 
single-phase solar inverters to 
around 98% and below.

On the contrary, SiC MOSFETs 
offer very fast parallel diode, very 
low Qrr and switching losses much 
lower than IGBTs. Recently, Infineon 
has introduced its 650 V silicon 
carbide CoolSiC™ MOSFET that 

can directly replace IGBTs and 
SJ MOSFETs with no need for 
change in the inverter topology. 
SiC MOSFETs enable switching 
at a higher frequency which 
means a significant reduction 
in magnetic size, capacitor 
filter, and enclosure size. As the 
power level goes up, reduction 
in size and weight will save 
costs. Figure 1 clearly indicates 
how by replacing a SJ with a 
SiC MOSFET, switching loss 
decreases significantly.  As 
shown in figure 1, considered 
in terms of drain-source charge 
(Qoss), recovery charge (Qrr) 
and gate charge (Qg), SiC 
MOSFETs (i.e., the CoolSiCTM 
MOSFET 650 V) have superior 
figures-of-merit than the best 
alternative SJ MOSFETs (i.e., 
600 V CoolMOSTM CFD7). 

Figure 1: Replacing a SJ with a SiC MOSFET, switching loss 
decreases significantly
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Compared to the conventional 
design, the inductor and 
capacitor filter size is multiple 
times smaller in a multilevel 
inverter. This, along with the 
need for a smaller cooling 
system, allows for a much 
lighter design with a smaller 
enclosure. On the other hand, 
due to the lower voltage 
rating of MV MOSFETs, 
more MOSFETs are used in a 
multilevel design compared to 
conventional topologies. This 
also means that the generated 
heat due to the power loss in the 
multilevel inverter (which is less 
than in a conventional design) 
is distributed among more 
devices. As a result, the thermal 
management of the multilevel 
inverter is more efficient which 
paves the way for heatsink-free 
and fanless designs. 

Figure 4: Schematic of the multilevel inverter demonstration board

In a typical single-phase string 
inverter (power ≥ 3 kW), 
semiconductors commonly 
account for less than 10 percent 
of the overall costs. However, 
cooling systems and magnetics 
are usually more expensive. 
While semiconductor device 
prices are continuously dropping, 
the cost of other components 
such as magnetic and heatsinks 
remain unchanged. That means 
for single-phase solar inverters 
with a full power capability of 
more than 3 kW, where the cost 
of mechanical components 
is a significant portion of the 
design, using multilevel inverter 
contributes to production cost 
saving.

One other big advantage of 
multilevel inverter is that lower 
loss per MOSFET allows using 

SMD packages. Utilizing SMD 
packages helps with assembly 
cost saving by applying 
automated pick and place 
process. In addition, the reduced 
package inductances improve the 
switching performance at higher 
frequencies. 

Scalability is another big 
advantage of multilevel inverters.  
A multilevel inverter can be easily 
scaled to higher power design 
with almost the same design and 
PCB layout. 

But to mention,  multilevel 
inverters face one big challenge 
too. Compared to conventional 
topologies, there is a need for a 
greater number of gate drivers 
and isolated power supplies to 
power them up. This challenge 
is tackled by using very 

Figure 2a shows the conduction 
loss comparison of three best 
in class devices including IGBT 
IKW30N65H5 (650 V), SJ MOSFET 
IPW60R031CFD7 (600 V) and 
SiC MOSFET IMW65R027M1H 
(650 V) at a junction temperature 
of 25°C. Figure 2b displays how 
conduction losses change over 
varying currents at 125°C.  Firstly, 

as can be seen, the conduction 
losses of IGBTs are significantly 
higher than of the other devices 
at 25 °C, however, it doesn’t rise 
significantly as temperature 
increases to 125 °C. Secondly, 
also shown in the graph that 
the conduction loss of the SJ 
MOSFET at 125°C is two times 
higher than at 25°C for the same 

device. Thirdly, looking at the 
data of the SiC MOSFET, it shows 
only approximately 20 percent 
conduction loss increase over this 
temperature range. This makes 
a clear difference between Si 
and SiC MOSFET technologies, 
especially at high current, high-
temperature operating conditions.

Replacing traditional topologies 
with multilevel topologies
Traditionally topologies like H4, 
H5, H6, and so on using IGBTs 
and SJ MOSFETs have been 
widely used in single-phase solar 
inverter applications. One novel 
approach that has gained more 
attention recently to improve 
efficiency and power density is 
to replace these conventional 
topologies with multilevel 
topology (for an example see 
Figure 3) based on medium-
voltage MOSFETs (60 V to 
300 V). Infineon’s OptiMOS™ 
5 product family of medium-
voltage MOSFETs have excellent 
figures-of-merit (extremely low 
RDS(on)× Qg, RDS(on)× Qrr, and 
RDS(on)× Qoss) and enable very 
high-efficiency (up to 99 percent) 
and power-density designs, when 
used in multilevel inverters. 

Figure 2a: Conduction losses over varying currents at 25°C

Figure 2b: Conduction losses over varying currents at 125°C

Figure 3: Increase efficiency and power density by replacing conventional topologies with multilevel topology
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Figure 3: Increase efficiency and power density by replacing conventional topologies with multilevel topology
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cost-effective, low-power 
multi-output flyback power 
supplies (≤ 1 W).

A 4 kW heatsink-free, fanless, 
medium-voltage MOSFET-based 
multilevel inverter
In this section, a 4 kW,  five-level 
single-phase flying-capacitor-
based active neutral point 
clamped multilevel inverter 
demonstration board will be 
introduced. This fanless, 
heatsink-free design offers 
more than 99 percent peak 
efficiency and full power 
efficiency as of 98.7 percent. 

Figure 4 shows the schematic 
of the multilevel inverter 

Figure 5: Efficiency of the demonstration board in relation to the output power

demonstration board while 
Table 1 lists the specification 
of this inverter. Given that this 
is a five-level inverter, 150 V 
BSC093N15NS5 (9.3 mΩ, 
OptiMOS™ 5) MOSFETs were 
used despite the 400 VDC_bus 
voltage. This device has much 
better figures-of-merit (orders of 
magnitude) compared to IGBTs 
and SJ MOSFETs.

Figure 5 shows the efficiency of 
the demonstration board in 
relation to the output power. 
The maximum efficiency 
(approximately 99.1 percent) 
is achieved at around 2 kW. At 
full load (4 kW), the efficiency 
is still very high, at around 98.7 

percent which explains why this 
multilevel inverter can work 
continuously without the need 
for any heatsink or fan.

Conclusion
Now the question for an 
inverter designer who is looking 
for higher efficiency and power 
density is which one of the 
above-described solutions to 
choose. Replacing IGBTs and SJ 
MOSFETs with SiC MOSFETs or 
replacing the conventional with 
the multilevel topology? 

Beyond question, replacing 
silicon-based devices with 
SiC MOSFETs requires less 
effort compared to altering the 
topology.  But although this 
change to SiC will increase 
efficiency and power density, 
still not as much as the 
multilevel solution. A heatsink 
is still needed and for a  higher 
power range (> 5 kW), forced 
cooling probably should be also 
considered. 

Even though the multilevel 
topology is more complex 
than conventional topologies, 
if a designer has previous 
experience with this type of 
topology or willing to learn 
and invest R&D effort into 
it, moving to the multilevel 
inverter is recommended as 99 
percent of efficiency and very 
high power density can be easily 
achieved. 

Infineon Technologies AG
www.infineon.com

Table 1: Inverter specifications

Transforming EV Charging with 
New Winding Techniques

By: Andrea Polti, Global Product Manager – Magnetics, Murata

New winding techniques help to minimise losses in transformers for 
EV charger and renewable energy applications 

M
odern power conver-
sion techniques all 
push towards higher 
efficiency for good 

reason; energy saving is clearly 
important but there are applica-
tions where functionality is also 
enhanced. Examples would be 
alternative energy systems such as 
solar and wind, and electric ve-
hicle chargers where fewer losses 
equate to shorter recharging times 
or longer range for a given charge 
time. Better efficiency can also 
yield smaller, lighter and cooler-
operating equipment, enhancing 
usability and reliability. An en-
abling technology for higher ef-
ficiency has been the introduction 
of wide band-gap semiconduc-
tors such as silicon carbide (SiC) 
and now gallium nitride (GaN), 
which have reduced switch losses 
dramatically with their low on-
resistance, fast switching and low 
device capacitances. 

With such improvements in semi-
conductors, focus has increas-
ingly shifted to losses elsewhere 
in power converters, particularly 
in magnetics. Previously, losses 
in high-frequency transformers, 
for example, were not considered 

substantial for system efficiency 
considerations. Now, however, just 
1% of output power dissipated in 
a transformer could be the whole 
loss budget. Over the years, bet-
ter materials have lowered core 
losses, but winding techniques 
are often still rooted in the 19th 
century. Now that operating fre-
quencies have increased, the form 
of the windings themselves is a 
significant factor in losses. There 
have been advances, though, with 
recent innovations in winding 
technique.

Transformer loss elements, 
core-related
Hysteresis loss derives from the 
energy required to alternately align 

core magnetic domains as magne-
tisation continuously reverses with 
applied high-frequency current. 
The loss can intuitively be seen as 
related to frequency, or the number 
of times per second the domains 
are reversed and the degree of 
magnetisation of the material or 
flux density (teslas). This in turn 
is proportional to voltage applied 
to a driven winding at frequency 
and inversely proportional to core 
cross-sectional area and number 
of turns on the winding. The con-
stants of proportionality vary with 
temperature and frequency for dif-
ferent mixes of core materials, so 
the best guide to actual losses is 
the published curves by core mate-
rial manufacturers, Figure 1 for 

Figure 1: Core losses for a typical ferrite material – source Ferroxcube 3C90 data
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