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Abstract—Three-level converters typically feature low switching
loss and small filter size. In order to realize a high-power-density
design for three-level converters, SiC MOSFETSs may be selected
instead of using Si insulated-gate bipolar transistors. However, all-
SiC-MOSFET-based converters suffer from extremely high total
cost. In this paper, a SiC MOSFET and Si device hybrid active
neutral-point-clamped (ANPC) converter is proposed. It consists
of four Si active switches and only two SiC MOSFETs. Thus, it has
lower total cost compared to the all-SiC-MOSFET-based ANPC
converter. Furthermore, a dedicated modulation scheme is pro-
posed to completely move all the switching events from Si devices
to SiC MOSFETSs by using redundant switching states. As a result,
the switching losses are significantly reduced and extremely high
efficiency is achieved. The proposed converter has fully utilized
the low-switching-loss advantage of SiC MOSFETSs and the low-
cost advantage of Si devices, which shows significant superiority in
high-end grid-connected inverter and rectifier applications.

Index Terms—Active neutral point clamped (ANPC), hy-
brid power stage, multilevel converter, neutral point clamped
(NPCO), SiC.

I. INTRODUCTION

ULTILEVEL converters are industry standard solutions
M to realize ac—dc or dc—ac power conversion in high-
power applications. They have been applied to medium-voltage
drive systems, wind energy generation systems, photovoltaic
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generation systems, battery charging systems for electric vehi-
cles, and power supplies for modern data centers. The three-level
(3L) type is one of the most popular choices in the family of
multilevel converters. Compared with two-level (2L) convert-
ers, 3L converters have lower switching losses. The ac-side filter
size is also smaller because the ac-side voltage of a 3L inverter
has a lower harmonic content [1].

Among all the existing 3L converter topologies, the “T-
type” converter (T>C) [1]-[5] and the neutral point clamped
(NPC) converter [6]-[7] are the two most popular topologies.
The single-phase circuits of these two topologies are shown in
Fig. 1(a) and (b). The advantages and disadvantages of these
topologies have already been thoroughly investigated in previ-
ous literature studies. Comparative works can be found in [8]
and [9]. It is shown that the T2C tends to have lower conduction
losses, since it has only one device ()1 or (Q2) in the current
path when the output voltage level is “1” or “~1”. However, it
has higher switching losses, since the voltage rating of this one
device should block the full dc-link voltage. On the contrary, the
NPC converter has higher conduction losses, since the current
always flow through two devices regardless of the voltage level.
But the switching losses are lower because these two devices
only require blocking half of the dc-link voltage. According to
the comparison, the T?C is more favorable in applications that
require lower switching frequency, while NPC inverters become
more advantageous at the higher switching frequency.

The main drawback of the NPC converter is the uneven device
loss distribution [7]. This will lead to unequal junction temper-
ature rise and straightly limited the power rating and maximum
switching frequency of the converter. In order to solve this, the
active NPC (ANPC) converter is proposed, which introduces
active switches to replace the clamping diodes in NPC. The
schematic of a single-phase ANPC circuit is shown in Fig. 1(c).
Although more active switches are used, it has more redundant
switching states, which can help to balance the loss distribution
[10]-[16]. Furthermore, a number of improved topologies such
as the stacked NPC (SNPC) and active SNPC [17]-[19] are
proposed aiming to the same problem. These topologies have
more degrees of freedom, and the maximum switching loss on
each switch can be reduced. The essence of these topologies is
to actively distribute the power losses to make the temperature
rise on each device become even.

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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Fig. 1.

In many applications, such as battery charging systems for
electric vehicles and power supplies for modern data centers,
the power density of the converters is required. In order to
realize a high-power-density design, the converter efficiency
should be further increased, and the volume of the ac-side fil-
ter should be decreased by increasing the switching frequency.
The power density performance of Si-based NPC-type convert-
ers is still limited even applying the above-mentioned solutions.
A clear tendency in research areas is to increase the switching
frequency by using widebandgap (WBG) devices with much
lower switching losses. After several years’ development, the
fabrication process for SiC devices has become mature gradu-
ally. In many published papers [1], [2], [4]-[6], [17], [20], [21],
SiC devices have been implemented to 3L converters for better
performance at the higher switching frequency. Currently, the
applications based on SiC diodes and SiC MOSFETs are more
popular because of their mass production.

Comparing a SiC MOSFET and a Si insulated-gate bipo-
lar transistor (IGBT), the switching loss performance of the SiC
MOSFET is much better than that of the Si IGBT [4], [17], [22],
[23]. In [17], a 3L-ANPC based on the SiC MOSFET is pro-
posed. The converter has achieved 97.5% peak efficiency at an
output power of 1.5 kW with a switching frequency of 40 kHz.
A SiC-MOSFET-based T-type 3L converter is built in [4], which
realized 98.4% peak efficiency, while the Si-IGBT-based con-
verter only achieved 97.7% efficiency. However, the up-to-date
cost of SiC devices is still several times higher than that of Si
devices. For example, a short summary of 650-V SiC and Si
devices’ price on www.digikey.ca is given Fig. 2. It shows that,
in high current range, the price of the SiC MOSFET is almost
six to eight times compared to that of the SiIGBT and two times
compared to that of the St MOSFET, while the price of the SiC
diode is almost eight times compared to that of the Si diode. As
a result, based on the current price, instead of using the all-SiC
MOSFET 3L converter, the Si and SiC hybrid 3L converter will
be more attractive. The hybrid converters that apply SiC diodes
and Si IGBTs are quite common in the research even in some
high-end products [5], [6], [20]. Using SiC diodes can signifi-
cantly reduce the reverse recovery loss on diodes and decrease
the turn-on loss on Si IGBTs. For example, a 3L. NPC with SiC
clamping diodes instead of Si clamping diodes was proposed
in [20]. However, the switching losses on IGBTs are still fairly
high because of the large turn-off losses and part of turn-on

Different 3L converter topologies. (a) T2C. (b) NPC converter. (c) ANPC converter.

losses still existing in Si IGBTs’ switching. This prevents the
hybrid converters to operate under higher switching frequency.

In this paper, a SiC MOSFET and Si device hybrid ANPC
converter is proposed. Instead of using the all-SiC-based power
stage, it consists of four Si active switches and only two SiC
MOSFETs. Thus, it has lower total cost. At the same time, dif-
ferent with the normal purpose of loss redistribution method,
which is to evenly distribute the switching losses, a dedicated
modulation scheme is proposed to completely move all the
switching events from Si devices to SiC MOSFETSs by using
redundant zero states of the ANPC topology. As a result, the
switching losses are significantly reduced and high efficiency
is achieved. Furthermore, the efficiency can be enhanced un-
der low dc voltage standard by replacing Si IGBTs with Si
MOSFETs. The efficiency benefit of the hybrid structure with
the proposed modulation scheme is investigated and evalu-
ated by experiments. This paper is organized as follows. In
Section II, the topology of the proposed hybrid ANPC con-
verter is demonstrated, and the dedicated modulation scheme for
switching loss elimination is derived. In Section III, the method
of estimating the power losses for the proposed converter, as well
as the power loss performance for both the Si-IGBT- and SiC-
MOSFET-based ANPC converters, is analyzed. A comparison
of the total losses under different switching frequency, output
current, power factor (PF), and dc-bus voltage is made between
the three configurations. Section IV presents the experimental
results to show the high performance and high efficiency of the
proposed converter. Section V concludes this paper.

II. PROPOSED HYBRID ANPC CONVERTER AND
MODULATION SCHEME

The one-phase circuit of the proposed 3L-hybrid ANPC con-
verter is shown in Fig. 3(a). There are six active switches in
the one-phase circuit. Among them, (5 and )3 are using SiC
MOSFETs and the others are using Si active switches. Except
the comprising of SiC and Si devices, the circuit configuration
keeps exactly the same as a regular Si-based ANPC converter
shown in Fig. 1(c).

For a regular Si-based ANPC converter, there are many mod-
ulation schemes [10]-[16] proposed to balance the loss distri-
bution on all devices. It is because in a regular ANPC converter,
all devices @)1 — Q¢ prefer to use the same type of Si IGBT.
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Fig.3. Topology and modulation of the 3L hybrid ANPC converter. (a) Topol-

ogy demonstration. (b) Waveforms of the proposed modulation scheme.

Therefore, the maximum temperature rise on devices can be
lower by balancing the loss distribution. In this way, the con-
verter can operate under higher power rating. However, for the
proposed hybrid converter, it is not necessary to balance the loss
distribution, since the SiC MOSFET can potentially operate un-
der higher junction temperature as long as an especially designed
thermal system can make the Si devices operate with lower tem-
perature. Furthermore, since the SiC MOSFET has much lower
switching losses, the total switching losses can be significantly
decreased if the SiC MOSFETsS can take more switching events
than Si devices. These will lead to much higher efficiency and
higher switching frequency for the ANPC converter.

The proposed modulation scheme that can decrease the total
switching losses is described as follows. Four switching states
(N, O-, O+, and P) are designed as listed in Table I. They can
output three different voltage levels. The voltage level “0” has
two redundant states. The ON—OFF state of all devices in each
state is also given in Table I. It can be inferred that during the
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TABLE I
SWITCHING STATES OF THE 3L HYBRID ANPC CONVERTER

Switch state ~ Voltagelevel Q1 Q2 Q3 Q1 Q5 Qs
N 1 0 0 1 1 1 0
O- 0 0 1 0 1 1 0
O+ 0 1 0 1 0 0 1
P -1 1 1 0 0 0 1

operation, Si device pairs ()1 — Q¢ and Q5 — Q4 always share
the same gating signals, respectively. Also, these two Si device
pairs are complementarily switching. On the other hand, SiC
MOSFET @, and )3 are complementary pairs.

The waveforms of the proposed modulation scheme are given
in Fig. 3(b). The generation of gating patterns follows the routine
of phase-deposition pulse width modulation, where a modula-
tion wave is used. In each half cycle of the modulation wave,
only one “0” level state is used. The “O+" state is only used in
the positive cycle, and the “O-” state is only used in the negative
cycle. According to these selected switching patterns, during the
positive half cycle, Q1 and Qg are always in the ON state. ()5
and ()3 are the only two complementarily switching devices.

Taking Si IGBT and SiC MOSFET hybrid configuration as
an example, the detailed commutation process under both the
inverter mode and the rectifier mode is demonstrated in Figs. 4
and 5, respectively. Under the inverter mode, when the circuit
outputs state “P”, the main current will go through @); and
@2, as shown in Fig. 4(a). The turning OFF of @), will force
the main current commutate to Q)¢ and Ds, as displayed in
Fig. 4(b). The turning ON of ()3 will make Q3 operate under
the synchronous rectifier mode, as displayed in Fig. 4(c). Under
this mode, the changing from state “P” to the deadtime state
will create turn-off loss on ()>. The changing from the deadtime
state to state “P” will create turn-on loss on (); and reverse
recovery loss on Ds. Under the rectifier mode, when the circuit
outputs state “P”, as shown in Fig. 5(a), the main current will
go through D; and @), instead. The turning OFF of Q5 will
force the main current commutate to its body diode Do, as
displayed in Fig. 5(b). The turning ON of (3 will make the main
current commutate to ()3 and Dy, as displayed in Fig. 5(c).
The changing from state “O+" to the deadtime state will create
turn-off loss in Q3. The changing from the deadtime state to
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(2)

Fig. 4.
circuit of state “O+".

(b)

Demonstration of commutation under the inverter mode. (a) Equivalent circuit of state
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Fig. 5.
circuit of state “O+".

state “O+" will create turn-on loss in (3 and reverse recovery
loss on D5. Although D; is turned OFF during this interval, (),
is kept ON, and the off-state voltage on D, is zero. It means that
D, is turned OFF with zero-voltage switching, and there is no
reverse recovery loss on Dj.

From the above analysis, it can be concluded that the com-
mutation between the “P” state and the “O+" state only create
switching losses on SiC MOSFETs Q> and (3 or on their body
diodes Dy and Ds. As a result, the switching losses can be
significantly decreased by using these two SiC MOSFETs. In
the same manner, during the negative half cycle, Q4 and Qs
are always in the ON state. ()9 and @3 are still the only two
complementarily switching devices. It means that, by applying
the proposed scheme, all the switching events are moved to the
two SiC MOSFETs. Thus, the proposed hybrid ANPC converter
can achieve the same switching loss performance compared to
the all-SiC MOSFET-based ANPC converter.

There is another significant benefit of the proposed scheme.
In the traditional Si-based ac—dc converter with bidirectional
energy flow capability, Si IGBTs are preferred to compose the
power stage. Although in the voltage rating of 650-V Si de-
vice family, Si MOSFETs such as cool MOSFETs are proved
to have better dynamic performance and lower conduction loss
under lower current rating compared to Si IGBTs, they cannot
be adopted in such an ac—dc converter because the Si MOS-
FETs have built-in body diodes, which show very poor reverse
recovery performance just like the standard recovery diodes.
However, by applying the proposed hybrid power stage and
modulation scheme, the using of Si MOSFET becomes possi-
ble. Four Si devices (@1, Q4, @5, and ()¢) shown in Fig. 3(a)

(b

Demonstration of commutation under the rectifier mode. (a) Equivalent circuit of state
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“P”. (b) Equivalent circuit during the deadtime. (c) Equivalent

can adopt Si MOSFETs. It is because @1, @4, @5, and Qg all
do not have the switching loss including the reverse recovery
loss; the proposed Si MOSFET and SiC MOSFET hybrid ANPC
power stages can also achieve a very high efficiency.

III. POWER LOSS ANALYSIS AND COMPARISON

In order to demonstrate the efficiency improvement of the
proposed hybrid ANPC converter compared to the all-Si-IGBT-
based ANPC converter and show the efficiency difference
compared to the all-SiC-MOSFET-based ANPC converter, the
theoretical power loss performance of ANPC converters with
four different configurations is analyzed. The power loss distri-
bution on each device of the proposed hybrid converter is given.
The power loss performance under different dc-link voltage,
switching frequency, output power, and PF are analyzed.

A. Device Selection

Four ANPC converter configurations with different device
selection are analyzed. They are (a) the all-Si-IGBT-based con-
figuration, (b) the all-SiC MOSFET-based configuration, (c) the
SiIGBT and SiC MOSFET hybrid configuration, and (d) the Si
MOSFET and SiC MOSFET hybrid configuration. The selec-
tion of devices is shown in Table II. Since the prototype that is
going to be built is designed to operate under 600—800-V dc-bus
voltage, 650-V Si and SiC devices with similar current rating are
selected. In comparison, Infineon’s Si IGBT IKW75N65ESS, Si
MOSFET Infineon-IPW65R019, and ROHM’s SiC MOSFET
SCT3022AL-E are chosen for loss evaluation. The Si IGBT is
copacked with an antiparallel diode. The MOSFETs are using
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TABLE II
SELECTED DEVICES FOR COMPARISON AND THE TOTAL PRICE OF CONVERTERS

Configuration Description Q1, Q1, Q5 and Q¢ Q2 and Q3 Total
Price(CAD)

(a) All-Si-IGBT ANPC Si IGBT Si IGBT 51.30
(Infineon-IKW75N65ESS5) (Infineon-IKW75N65ESS)

(b) All-SiC-MOSFET ANPC SiC MOSFET SiC MOSFET 388.86
(ROHM-SCT3022AL-E) (ROHM-SCT3022AL-E)

() Hybrid ANPC (Si IGBTSs and Si IGBT SiC MOSFET 163.82
SiC MOSFETs) (Infineon-IKW75N65ESS5) (ROHM-SCT3022AL-E)

(d) Hybrid ANPC (Si MOSFETs Si MOSFET SiC MOSFET 250.38
and SiC MOSFETs) (Infineon-IPW65R019) (ROHM-SCT3022AL-E)

TABLE III

CHARACTERISTICS AND PRICES OF SIC AND S1 DEVICES ON WEBSITE

Voltage Current Price (CAD)
rating (V) rating (A) (@www.digikey.ca)
Si IGBT (Infineon- 650 75 8.55
IKW75N65ESS)
Si MOSFET 650 65 30.19
(Infineon-IPW65R019)
SiC MOSFET (ROHM- 650 65 64.81

SCT3022AL-E)

their body diodes. Based on this device selection, the total prices
of the converter under three different configurations are given.
The unit price of each type device is referred to Table III. Ac-
cording to Table II, it is clear that configuration (b) with all-SiC
MOSFET ANPC is the most expensive one. The total price of
the proposed hybrid configuration has decreased by 60%. Also,
by comparing two hybrid configurations, the Si MOSFET and
SiC MOSFET hybrid power stage has a higher total price be-
cause the Si MOSFET has a higher price than the Si IGBT with
a similar power rating.

The theoretical analysis of the power loss performance re-
quires the quantification of the conduction characteristics of all
devices and switching characteristics of both Si IGBTs and SiC
MOSFETs. Useful information is included in their datasheets.

B. Modeling of Conduction Losses

From the Si IGBT datasheet, the IGBT saturation voltage
related to the collector current and the forward voltage of the
antiparallel diodes related to the forward current can be ex-
tracted. The MOSFET drain—source voltage related to the on-
state current can also be extracted from the St MOSFET and SiC
MOSFET datasheet. Similar with Si MOSFET, SiC MOSFET
shows an almost constant on-state resistance under a certain
temperature. On the other hand, by comparing the conduction
characteristics of the Si IGBT or diode, with the MOSFET, it
can be found that the MOSFETs have a lower voltage drop when
the on-state current is low because of their pure resistance char-
acteristic. After the on-state current becomes high, with the help
of the conductivity modulation effect, the voltage drop on the
Si IGBT or diode becomes lower compared to the MOSFETs.
This infers that for the similar current rating devices, Si IGBTSs

or diodes potentially can have lower conduction losses if the
output current is high enough.

Another important factor is that the body diode of the SiC
MOSFET has a very poor conduction characteristic, which is
not designed for continuous operation. As aresult, under rectifier
mode operation, the gating signals are always enabled for the
SiC MOSFETS to make the current going through the MOSFET
channel instead of the body diode. The body diode is only used
for commutation during the deadtime. On the other hand, the
body diode of the Si MOSFET has a relatively lower voltage
drop. It will conduct if the output current is very high under the
rectifier mode. In order for simplification, this situation is not
considered into the comparison as long as the gating signals are
also enabled for all Si MOSFETs.

The conduction losses of the semiconductor device are mod-
eled by using a piecewise linear model, which is commonly used
in many studies [1], [3], [5]-[6], [17]. A generalized equation
is given as

D

where 1} is the initial voltage drop, r is the equivalent resistance
when the devices are turned ON, I, is the average current, and
I, 1s the root-mean-square (RMS) value of the current going
through the device. For the Si IGBT and its antiparallel diode,
Vo is its zero on-state voltage and r is its dynamic on-state
resistance. For the St MOSFET and the SiC MOSFET, 1} is the
zero and 7 is the on-resistance of the corresponding MOSFET.

The values of Vj and r are extracted from Fig. 6(a). The results
of piecewise linearization are given in Fig. 6(b). According to
different modulation index, output current, and PF, the I, and
1., for each device can be calculated. All the conduction loss
for each device can then be calculated by (1).

FPeon = ()Iavg + TIQ

rms

C. Modeling of Switching Losses

The switching loss behavior of the devices can also be ex-
tracted from datasheets, which are given in Fig. 7. The turn-
on switching loss E,, and turn-off switching loss E,g in one
switching period are given individually for both the Si IGBT
and the SiC MOSFET. The reverse recovery loss on diodes has
already included into FE,, as described in datasheets. The to-
tal switching losses Fi.i. are calculated from E,, and E,g
curve. It can be found that the E\,,; on the Si IGBT (with
losses on diode) is four to five times higher than Fi,,; on the
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Fig. 6. Typical output characteristics of Si IGBT, Si MOSFET, and SiC MOS-
FET. (a) Curves on datasheets at 25 and 150 °C. (b) Original curves and lin-
earized curves at 150 °C.

SiC MOSFET. It should be pointed out that for four Si Devices
Q1, Q4, Q5, and Qg, there are no switching losses if apply-
ing the proposed modulation scheme. Since Si MOSFETSs are
only applied to these four switches, no switching losses on Si
MOSFETsS are considered.

Of course, the switching loss data on datasheets are derived
under single test conditions, which are somehow different from
the real conditions, where the prototype are applied. As a re-
sult, a switching loss model considering the variation of current
and voltage is built to estimate the switching loss under the
prototype’s testing condition. In order to make the loss esti-
mation results comparable with the experimental results, other
testing conditions such as gate resistances and gate voltage for
driving are kept the same as datasheets recommended. The tem-
perature used for testing has selected the junction temperature
T; = 150 °C. Although the data used for SiC are recorded in
ambient temperature 7, = 25 °C, it will not lose too much accu-
racy since the temperature hardly affects the switching energies
of the SiC MOSFET [1].

In order to simplify the switching loss model, the switching
loss is considered to be linear with the dc-link voltage. The rela-
tionship between switching loss and device current is derived by
using curve-fitting tools. Based on this simplification, a switch-
ing loss model is derived. The turn-on switching losses Eiy,;
and turn-off switching losses E,g, of device (), are given by (2)
and (3), respectively. In this model, Eytestz and Eogtests T€P-
resent the turn-on/turn-off energy losses of the devices shown
in datasheets and measured under certain testing voltage Ulest
and testing current [,y . The switching voltage of the 3L-ANPC
converter prototype is 0.5Uq.. The device current is the output
current i,.. This model is proved to have acceptable accuracy
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TABLE IV
CONVERTER PARAMETERS USED FOR COMPARISON

Rated output power Py, o« 4.2 kW
DC-link voltage Uq 650 V
Switching frequency fsw 15 kHz, 45 kHz
Grid voltage V. 208 V,./60 Hz
Grid ac current I, 21 A

Grid inductor L ¢ 870 uH
DC capacitance Cg 9 mF each
Junction temperature 7 150 °C

according to the results in [3] and [6]

.2 .
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o Utcs‘m: k20111t2¢st;p + klonftestm + k()on
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o Utestz k?off Ithstz + kloﬁltestz + k()off '

3)

The total switching losses of one device are derived by in-
tegrating the one-time switching losses in a complete output
ac cycle.

D. Prototype Specification and Power Loss Comparison

The power loss comparison is carried out by using the base-
line parameters given in Table IV. With the data derived from
datasheets and implementing the loss models, the total losses of
ANPC converters with four configurations are estimated. All the
calculations are applying the same proposed modulation strat-
egy to make the results of comparison fair. The loss data under
the junction temperature 7; = 150 °C are selected for both Si
devices and SiC devices. As a result, the comparison results
given below are for the worst case of operation.

In Fig. 8, the power loss distribution of the proposed ANPC
converters with Si IGBTs under PF = 1 and PF = —1 is cal-
culated. Since the one-phase circuit is symmetrical, half of the
switches are considered. According to results, the SiC MOS-
FETs undertake all the switching loss and, thus, have the high-
est losses. This will not be a problem, since the SiC device
potentially can operate under higher temperature. On the other
hand, it can be found that the total loss performances under
PF = 1 and PF = —1 are quite similar. It is because the output
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Fig. 8. Power losses distribution of the proposed hybrid ANPC converter
under different PF at fqy, = 45kHz, Ug. =650V, [, =21 Ajand V,. =
208 V. (a) PF = 1. (b) PF = —1.
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Fig. 9. Power losses under different dc voltage Up ¢ (fsw = 45 kHz, I,. =

21 A, and V,. = 208 V).

characteristics of the Si IGBT and its antiparallel diode are al-
most the same according to Fig. 6.

Figs. 9 and 10 shows the loss comparison results of ANPC
converters with four different configurations at different Upc
(from 600 to 800 V) and f;,, (from 15 to 60 kHz), respectively.
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Fig. 10. Power losses under different switching frequency fsw (Uge =

650V, I,c =21 A, and V. = 208 V).

It is clear that the total losses on all-Si IGBT ANPC are the
highest, about 20-30 W more than the others. The losses of
all-SiC MOSFET ANPC and hybrid MOSFET ANPC is a litter
bit higher than that of the hybrid IGBT ANPC. This is mainly
because the Si MOSFET has a lower voltage drop under this
current rating (21 A), which leads to lower conduction losses,
while both power stages have the same switching losses. If op-
erating with higher current, the proposed hybrid converter with
Si IGBTs can have higher efficiency compared to the all-SiC
MOSFET converter. This tendency can be found in Fig. 11,
where Up ¢ and f;, are fixed and the output power P is chang-
ing. When P is more than 6.84 kW, i.e., Ip is more than 34 A,
the total losses of hybrid ANPC with the Si IGBT become the
lowest one among four configurations. It means that this config-
uration is especially suitable for high-power applications, where
IGBTs are normally used.

Fig. 12 gives the comparison for the conduction losses and
switching losses in case of (a) fsw = 15 kHz and (b) fsw =
45 kHz, respectively. It clearly shows that the all-Si-based con-
figuration has almost four times higher switching losses than
the other configurations, and the loss difference between the
all-SiC-based converter and the proposed hybrid converter are
because of the difference in conduction losses. However, this
difference is not significant. On the other hand, since the pro-
posed hybrid converter has a much lower total device cost, it
should be more attractive compared to the all-SiC-based con-
verter in many industrial applications.

IV. EXPERIMENTAL RESULTS OF THE PROPOSED CONVERTER

In order to evaluate the real efficiency performance of the
proposed converter, experiments are carried out based on the
specifications given in Table IV. The photograph of a single-
phase hybrid ANPC power stage is shown in Fig. 13. Both the
Si IGBT hybrid configuration and the Si MOSFET hybrid con-
figuration are tested. Since high efficiency is achieved, natural
cooling is adopted. The same as the loss evaluation, only a
single-phase circuit is tested under both the inverter mode and
the rectifier mode. The ac side is connected to the 208 — V.
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Fig. 11. Power stage efficiency under different output power P. (a) PF = 1.
(b) PF = —1. (fsw = 45kHz, Ug. = 650V, and V,, = 208 V.)

line voltage. Because of the maximum voltage limitation of dc
power supply, under the inverter mode, the dc-link voltage has
scaled down to 600 V.. The ac grid voltage is decreased to
190 V, to keep the modulation index the same.

The experimental waveforms of gating signals and the 3L
voltage output vj,, of the converter are given in Fig. 14. Since
Q1 — Qs and Q4 — Q5 are sharing one gating signal, respec-
tively, while ()2 and @3 are switching complementarity; only
signals of ()2, 1, and ()4 are given. It can be found that only
()2 has high-frequency switching. The gate voltage polarities of
(21 and @4 are changing following the voltage polarity changing
of Vi, wWhich are only 60 Hz.

The experimental waveforms of the converter operating under
the rectifier mode and the inverter mode are given in Fig. 15(a)
and (b). The waveforms of the 3L voltage output vy,,, half
dc-link voltage vy, ac-side current i,., and ac grid voltage
vac are given, respectively. It can be found that the proposed
ANPC converter has exactly the same waveforms compared to
waveforms of the other 3L converters. The 7,. presents a low
total harmonic distortion waveform regardless of the distorted
grid voltage. This is because under higher switching frequency,
the control bandwidth of the current loop can be increased.

The efficiency performance is evaluated by using a power
analyzer. The system configuration for the efficiency testing
and the diagram of the system connection is shown in Fig. 16.
The input and output power are measured directly from the dc
and ac sides of the circuit. As a result, besides the power stage
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Fig.12.  Comparison of conduction losses and switching losses under different
switching frequency. (a) fsw = 15 kHz. (b) fow = 45kHz. (PF =1, U4, =
650V, I,c =21 A,and V. =208 V.)
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Fig. 13. Photograph of a single-phase hybrid ANPC power stage.

losses, the losses on the dc-link capacitor, connection cables,
and the ac inductor are measured at the same time. Information
about how to calculate inductor losses and capacitor losses is
given in the Appendix. Example of the calculation results under
the rectifier mode and 4.2-kW rated power is shown in Table V.

The results show that the core loss and high-frequency ac
winding loss can be neglected compared to the low-frequency
winding loss. This is because with high inductance, the
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Fig. 15. Waveforms of the converter operating under the rectifier mode
and the inverter mode. (a) PF = —1, fsw = 45kHz, Uy, = 650 V, I, =
20 A, and V,. =208 V. (b) PF = —1, fsw = 45kHz, Uy, = 600V, I, =
22 A, and V,. = 190 V.
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Fig. 16.  Efficiency testing system configuration.

incremental flux density AB and the RMS value of the ripple
current are both very small. Another interesting finding is that,
with the increasing switching frequency, instead of becoming
larger, the core loss and the ac winding loss become even smaller.
This is because following the switching frequency increases, the
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TABLE V
RESULTS OF LOSS CALCULATION UNDER THE RECTIFIER MODE AND
RATED POWER

Core loss
Pind.fe

Winding loss at
low frequency

Winding loss at
switching
frequency

DC capacitor
loss Po
cu-dc

Pcu.ac

Powerloss 0.875W 13.5W
@30 kHz
Power loss

@45 kHz

0.185 W 2.09W

0.744 W 135W 0.103 W 2.09 W

100.0%
99.5%

W

—B— Est. effi, 30kHz-Hybrid

99.0%

98.5%

98.0%

97.5%
—a— Est. effi, 45kHz-Hybrid

Efficiency(%)

97.0%
—— Est. effi. 30kHz-Si IGBT
96.5%
—&— Est. effi. 45kHz-Si IGBT
96.0%

—8— Tested effi. 30kHz-Hybrid
95.5% - -

—4— Tested effi. 45kHz-Hybrid
95.0%
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Fig. 17. Power stage efficiency performance and comparison. (a) Rectifier
mode. (b) Inverter mode.

inductor current ripple becomes smaller. According to (6), when
o > f3, the total core loss P4 s becomes smaller. The high-
frequency ac winding loss P, _,. has a similar tendency.

The final power stage efficiency performance of the proposed
converter is given in Fig. 17. The estimated efficiency and the
tested efficiency of the proposed hybrid ANPC converter with
the Si IGBT and the estimated efficiency of the Si-IGBT-based
ANPC converter are compared together. It can be found that
around 0.5-1.0% efficiency improvement can be made by using
the hybrid power stage instead of all Si IGBTs. On the other
hand, according to the differences between efficiency at 45- and
30-kHz switching, the increasing of switching frequency will
not significantly affect the efficiency performance if using the
proposed hybrid power stage. It means that the proposed ANPC
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stage and the Si MOSFET and SiC MOSFET power stage under the rectifier
mode and 30-kHz switching.

converter can potentially operate under even higher switching
frequency to further decrease the filter size.

The Si MOSFET and SiC MOSFET hybrid ANPC converter
is also tested by using the same prototype, which just changes
the device type of @1, Q4, 5, and Q. The results of the ef-
ficiency comparison are given in Fig. 18. It can be found that
based on this device selection, the St MOSFET and SiC MOS-
FET hybrid power stage has better efficiency performance. The
reason is that the Si MOSFET has a lower voltage drop under
the prototype’s current rating. However, this situation is not al-
ways true. Under higher operating temperature and with higher
current, the voltage drop on the Si IGBT may become lower.
On the other hand, in higher dc-bus voltage application such
as a solar inverter, a 1200-V Si device may be selected. Un-
der this condition, the IGBT becomes superior compared to the
MOSFET. As a result, the St MOSFET and SiC MOSFET hy-
brid power stage is favorable for applications, where the dc-bus
voltage is around 600-800 V, while the Si IGBT and SiC MOS-
FET hybrid power stage should be more favorable especially
for applications where the dc-bus voltage is over 1000 V.

From the results, it can also be found that there is still some
error between the tested losses and the evaluated losses. The
error between the tested data and theoretical analysis mainly is
caused by two reasons. One is that the temperature of the test-
ing is uncontrolled. Because of using TO-247 package discrete
commercial products, it is hard to see the real case or junction
temperature of the device. At the same time, higher junction
temperature will not always lead to higher conduction loss. As
shown in Fig. 6(a), higher temperature makes the on-state re-
sistance of Si and SiC MOSFETs become larger but makes the
initial voltage drop of the Si IGBT and diode become lower.
Thus, the conduction loss on the Si IGBT and diode becomes
lower. So, it is difficult to say whether the tested conduction
loss data should be higher or lower than the theoretical analy-
sis, which is considered under 150 °C. Another reason is that
the specification of the prototype hardware such as stray in-
ductance, gate driver circuit is not the same as the devices are
tested. Therefore, the switching energy loss is also not exactly
the same as the datasheet shows. Other testing results in [24]
show that the parasitic effects can increase the switching losses
by a factor of 1.5-1.8. As a result, all these loss analyses are
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aiming to demonstrate a tendency to show how much benefit
could be achieved by using the proposed hybrid configuration
and modulation scheme if the layout and the gate driver circuits
of the power stage are both well designed.

V. CONCLUSION

In this paper, a SiC MOSFET and Si device hybrid ANPC
converter is proposed. By applying the Si and SiC hybrid power
stage, the total cost can be decreased by over 50% compared to
the all-SiC-based ANPC converter. By applying the proposed
modulation scheme, the switching events can be completely
moved from Si devices to SiC MOSFETs to minimize the
switching losses. According to the experimental results, around
0.5-1.0% efficiency improvement can be made by using the hy-
brid power stage instead of the all-Si-IGBT power stage. The
power stage maximum efficiency is up to 99% at the 45-kHz
switching frequency and with 650-V dc-bus voltage.

The proposed converter has fully utilized the low-switching-
loss advantage of the SiC MOSFET and the low-cost advantage
of the Si device. Based on the device rating selected in this pa-
per, it has a superior performance in high-end grid-connected
inverter and rectifier applications with the 650-800-V dc-bus
voltage. On the other hand, because of its 3L power stage, com-
pared to 2L converters, it can potentially be applied to higher
voltage rating applications such as using 1200-V SiC MOSFET
and Si IGBT for the wind generation system. Similar improve-
ments can be made. Furthermore, as 3L converters naturally
have lower switching losses compared to 2L converters [8], the
proposed converter can operate with higher switching frequency
compared to 2L converters with SiC MOSFETs.

It should be noted that, although the calculation and experi-
ment are carried out by using the SiC MOSFET, other types of
WBG devices can also be implemented to this converter with-
out losing the benefits, such as the GaN device. Since currently
GaN devices only have a low-voltage-rating version and present
even higher price, using multilevel topologies and hybrid power
stage may bring more significant benefits.

Moreover, within the multilevel topologies, there are a lot of
topologies that have the redundant states and can dynamically
shift the switching losses by using different modulation scheme.
It is hoped that similar to the method derived in this paper, a
number of highly efficient low-cost hybrid multilevel converters
can be derived in the future.

APPENDIX

The calculation methods for inductor loss and capacitor loss
are given in the following.

Inductor core loss Pr,,q_t.: The inductor loss includes two
parts, the core loss, and the winding loss. The core loss per unit
volume Pr, i q can be found from the material loss chart. The
core loss is given by multiplying the core volume V, ;,q4 with
Pr. ina. However, considering the changing voltage—second ap-
plied to the inductor because of the ac input voltage variation,
the instant value of loss per unit volume Py, j,q is calculated
by improved general Steinmetz equation [25]. The average loss
in one line period is the integration of instance loss in every
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TABLE VI
PARAMETERS OF THE INDUCTOR AND THE CAPACITOR USED IN THE PROTOTYPE

Inductor 900 H/20 A
Liy, Core information: U-shaped nanocystalline core,
A, = 4539 cm?, V, = 113.475 cm®K = 0.0053, o = 2.3,
B#=19
Winding information:
Nina = 45, AWG #12 Litz wire (Dpjty wire = 0.1 mm,
Ring-ac =33 mQ, F, 30knz = 1.25, Fy 45101, = 1.57)
Capacitor Each half capacitor: 9000 uF (ESR = 0.009 m€2)
Cpc

switching cycle
PIIl(Lfe = Z ‘/e,ind . PFejnd (UaCa D) = Z ‘/Ei,ind - K
[AB (vae, D))" £, )

The relationship between incremental flux density AB, ac
voltage v,., and duty cycle D is given in (5), where Ny, q is the
turns of the inductor

’UaCD Uac(]- - UA)

AB = - vac ? 5)
NindAe fs NindAe fs

Substituting (5) into (4) gives

Vac (1 — ijc ) 8
PInd,fe = Z‘/ejnd K- W fs

Vae (1 = 33%)

[B—a
Nind A@ .fS N (6)

= Z ‘/e,ind K-
Inductorwinding loss P, 4_.,,: The winding loss also includes
two parts. One is the low-frequency conduction loss, which is
generated by the fundamental ac current It,,q_ms. Under this
low frequency, the resistance of the winding can be considered
the same as its dc resistance Ry if Litz wires are used. The other
part is the high-frequency conduction loss, which is generated
by switching frequency ac ripple current Iyipplerms. This part
of loss can be calculated by referring to the method given in
[26]. A factor F,(f) is calculated to represent the increase of
ac resistance related to the high switching frequency. The final
equation is given in (7). For the selected Litz wires and 30-kHz
switching frequency, F, (f) = 1.25

Pind,(:u = Ieyde T+ R:u,ac - Rdc . IfQundlms + Rdc . Fr (fb)
I (7)

ripplerms*
Output capacitor loss P, : The output capacitor is modeled
as the resistor ESR connected with the ideal capacitor C,
2
Poo =ESR - I7, e (8)

The design parameters of the inductor and the capacitor are
given in Table VI.
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