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Abstract- Medium voltage (MV) SiC MOSFETs have recently
garnered considerable attention in the medium-voltage high-
power areas like high-frequency solid-state transformers and
multilevel converters. While direct series connection of these
MOSFETs is an option for higher voltage levels, it requires
complex voltage balancing approaches for device voltage
balancing during fast switching transients. Alternatively,
converter-level solutions such as the three-level (3L) neutral-
point-potential (NPC) converter can be used. This paper proposes
a new modulation strategy, combining 3L and Quasi-two-level
(Q2L) modulations, to minimize the rating and volume of
clamping diodes by tightly controlling the thermal stress on the
diodes. This approach achieves better efficiency, higher power
density, and a simpler converter bus-structure to stack two SiC
MOSFET: s effectively in series. We present a real-time clamping
diode loss estimation to improve the effectiveness of the proposed
modulation strategy. To verify the proposed converter-level
approach and modulation strategy, we test a 20 kV rated phase-
leg with two 10 kV SiC MOSFETs and 3.3 kV SiC diodes.

Keywords: Series connected SiC MOSFETSs, diode clamped
converter, efficiency improvement

I. Introduction

In recent years, there has been a growing interest in
medium-voltage (MV) SiC MOSFETs with rated voltages of
6.5 kV, 10 kV, and 15 kV for MV power conversion
applications due to their potential to improve efficiency and
power density by using simpler topologies and fewer
conversion stages. For designing a phase-leg with a higher
blocking voltage requirement, a switching unit realized by
series-connected SiC MOSFETs is desirable and suitable for
certain applications, such as:

1. Isolated DC-DC converter: Phase-legs in isolated DC-
DC converters need to generate high-frequency 2-level PWM
voltage for the high-frequency transformer. When the blocking
voltage requirement is higher than the blocking voltage of a
single device, the 2-level phase-leg with series-connected
devices is a better solution compared to a multi-level structure
because it eliminates the need for extra passive components.

2. Solid-state transformer (SST) or modular multi-level
converter (MMC): For converters required to interface with the
AC grid, multiple AC-DC converter cells need to be cascaded
to meet the voltage requirement. Because of the blocking
voltage limit of the device, too many cells may be required. The
2-level phase-leg with series-connected SiC MOSFETs can
help improve the blocking voltage for each cell, reducing the
number of cells needed and simplifying the control complexity
of the entire system. Additionally, the interleaved operation of
different cells can maintain low current harmonics.

The series-connected SiC MOSFETs are attractive for their
requirement of fewer extra components, but under high
switching speed conditions, severe voltage sharing issues exist.
In the literature [9-35], three types of solutions have been
proposed to address the voltage imbalance issue, which are
summarized as follows (also presented in Table I):

1. Passive device-level solution [9-10]: This solution
involves the use of passive components for direct series
connection. Passive snubber is one of the typical solutions that
applies extra passive components to slow down the switching
speed of devices and reduce the turn-off dv/dt difference.
However, this method increases the switching loss, making it
unattractive for SiC MOSFET with a higher switching
frequency.

2. Active device-level solution: This solution adds extra
controls to the device gate drivers to actively control the voltage
sharing. The main benefit of this method is its low extra
switching loss compared to the passive device-level solution.
Several different approaches have been developed to affect
voltage sharing. Some approaches [11-17] propose to control
the turn-off dv/dt to affect the voltage sharing, while others [18-
21] propose to control the turn-off time. However, the fast-
switching speed of SiC MOSFETs and the impact of parasitic
capacitors on voltage sharing require careful and complicated
design of the active voltage balancing method [22-23].

3. Converter-level solution: This solution involves the
addition of extra components to form a multi-level converter
structure to avoid the direct series connection of SiC
MOSFETs. The modulation strategy is adjusted to 2-level
modulation or quasi-2-level (Q2L) modulation, which helps
limit the volume of extra components. In the literature, this type
of solution prefers the capacitor-based multi-level converter
structure like modular multi-level converter (MMC) [24-32] or
flying-capacitor (FC) converter [33-36]. However, for MV
applications, the capacitor volume cannot be ignored even with
a small capacitor value. Therefore, this type of solution with a
capacitor-based multi-level converter structure usually results
in a significant volume increase, making it unattractive.

Table I Comparison of different approaches for voltage balancing control of
series-connected SiC MOSFETs.

. Robust voltage | Extra switching | Extra component
Solutions
balance control loss volume
Passive
device-level Easy Large Small
Active device Difficult Small Small
level
Converter-
level Easy Small Large
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The capacitor-based multi-level structure is not the only
solution for the converter-level approach, and it is important to
explore other suitable converter topologies that can minimize
the volume of extra components. One such topology is the
diode-clamped converter, which has been discussed in some
literature [37-38] in the context of quasi-2-level (Q2L)
modulation to avoid complex DC-link capacitor balancing
issues. In [39], the Q2L modulation was first applied to series-
connected SiC MOSFETs in a medium voltage half-bridge
module design. The designed half-bridge module showed a
small extra volume of clamping diodes, indicating that the
diode-clamped converter topology is more suitable as a
converter-level solution. However, no detailed comparison
between the diode-clamped and capacitor-based converter
topologies has been reported in the literature. Therefore, this
paper focuses on evaluating the volume reduction potential of
clamping diodes with the existing Q2L modulation and
compares it to the capacitor-based multi-level converter
topology. The comparison is limited to a 3-level (3L) multi-
level converter structure, as shown in Fig. 1.

Moreover, this paper investigates whether the Q2L
modulation is the most suitable modulation strategy for the DC-
AC inverter/rectifier applications. Compared to the traditional
3L modulation, the Q2L modulation causes more switching
losses on the main switches (S;-S, in Fig. 1) to limit the losses
on the clamping diodes. However, the analysis also shows that
the Q2L modulation does not fully utilize the clamping diode
thermal capability. More loss on the clamping diode could be
desirable if it helps save the switching loss of main switches.
Therefore, this paper proposes a new modulation strategy for
the 3L NPC converter that can maintain the benefits of the Q2L
modulation on clamping diode volume reduction while
achieving better efficiency with controlled losses on the
clamping diode. The proposed modulation strategy includes
both 3L modulation and Q2L modulation during operation, and
the details will be explained in this paper.

Fig. 1. 3L NPC Converter structure for voltage balancing of series-connected
SiC MOSFETs.

II. ANALYSIS OF 3L NPC CONVERTER WITH Q2L
MODULATION

A. Q2L modulation of 3L NPC Converter

In Fig. 2, the Q2L modulation strategy is illustrated. As a
result of the inclusion of two extra clamping diodes, D; and Dy,
the series-connected devices do not need to switch
simultaneously, and the turn-off voltage of each device is

clamped by dc-link capacitors. Unlike the traditional 3L
modulation, the zero-voltage level is used only for transient,
and the voltage waveform is similar to the voltage waveform
with 2L modulation. The output voltage maintains the voltage-
second balance with the voltage reference, as listed in equation
(.

{Vrepreriod = O-SVdch — 0.5Vg T,

Tperiod —Tp = Tp + T,

The Q2L modulation strategy offers control freedom over
the conduction time 7y of D; and D;, which is independent of
the voltage reference V... With T, determined, 7, and 7, can be
calculated using equation (1). By restricting the clamping
diodes' conduction time, their loss can be minimized, leading to
a significant reduction in their volume. To demonstrate the
benefits of clamping diode selection, we present an example in
Fig. 3, where the switches S;-Ss are 10 kV/16 A SiC MOSFETs
and the clamping diode is a '10 kV' SiC Schottky diode without
a heatsink, realized by three 3.3 kV/5 A SiC Schottky diodes
[40] in series connection. Fig. 4 shows that by keeping 7p much
smaller than the switching period (<10%), the average diode
conduction current igyerqge 1S much smaller than the actual load
current io. Moreover, the volume comparison in Fig. 3 indicates
that the clamping diodes' volume is negligible compared to the
10 kV SiC MOSFETs. Note that the diode selection in Fig. 3 is
not the only choice, and a 10 kV SiC Schottky diode could also
be adopted if available.
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Fig. 2. Q2L operation principle of 3L NPC Converter.
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Fig. 3. Clamping Diode selection for 10kV/16 A SiC MOSFETs.
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Fig. 4. Calculation of iaerqe under different conditions.

B. Comparison of 3L NPC Converter and 3L FC Converter in
Q2L modulation

This section presents a comparison between the 3L NPC
converter structure and the 3L FC converter structure for the
Q2L modulation. The comparison is carried out on an AC-DC
converter designed with 10 kV/ 16 A SiC MOSFET, as depicted
in Fig. 3, and the relevant parameters are listed in Table II.

Table IT Simulation Parameters

Parameters Value
DC-link Voltage 11 kV
Line-to-line grid voltage 6.06 kV
Output current 0-10 A (rms)
Fundamental frequency 60 Hz
Switching frequency 10 kHz
Zero-voltage-level length 7, Sus

Fig. 5. The 3L FC converter structure.

In this section, we compare the 3L NPC converter structure
with the 3L FC converter structure for the Q2L modulation. The
3L FC converter structure is illustrated in Fig. 5. In a 3L FC
converter, the capacitance of the flying-capacitor (FC) must be
sufficiently large to keep the maximum voltage ripple of FC
below a predetermined limit. However, the Q2L modulation
can help limit the charge/discharge time of the clamping diodes,
thereby significantly reducing the required capacitance of FC.
Moreover, the Q2L modulation also affects the self-balance of
the flying-capacitor voltage. Fig. 6 shows the two switching
sequences for the Q2L modulation based on [36]. The switching
sequence in Fig. 6(a) does not balance the charge and discharge
currents of the flying-capacitor when considering the current
ripple, which makes it difficult to control the flying-capacitor
voltage. Thus, the switching sequence in Fig. 6(b) is proposed
in [36]. However, this sequence causes a larger flying-capacitor
voltage ripple because the charge and discharge of the flying-
capacitor occur over two switching cycles. To calculate the
flying-capacitance based on equation (2), we set the maximum
voltage ripple Vyp,02c as 1 kV, which is approximately 10% of
the dc link voltage. Based on this calculation, we select an 80
nF capacitance and use eight 8 kV/ 10 nF capacitors from [41]
in parallel for the flying-capacitor. The total volume is 0.126
dm3, which is larger than the total volume of six MV diodes and
becomes comparable to the volume of the SiC MOSFET
module based on Fig. 7.
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Fig. 6. Two switching sequence of Q2L modulation of 3L FC converter.
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Fig. 7. Volume comparison of components.

In conclusion, the 3L NPC converter structure is a more
suitable converter-level approach than the 3L FC converter
structure based on volume comparison. In addition to the
volume benefit, the analysis also shows that the Q2L
modulation provides further benefits with the 3L NPC
converter structure. Firstly, the flying-capacitor voltage in the
3L FC converter affects the blocking voltage of S;-S4. Figure 8
shows that due to the flying-capacitor voltage ripple, one of S;
and S2 turns off at a voltage lower than 0.5V and turns on at a
voltage higher than 0.5V4. Since the switching loss of SiC
MOSFET is proportional to the blocking voltage and the turn-
on loss is usually much higher than the turn-off loss, the
switching loss of devices increases with smaller flying-
capacitors and higher flying-capacitor voltage ripple. On the
contrary, for the 3L NPC converter structure, the blocking
voltage of S;-Sy is clamped at 0.5V with 2 dc-link capacitors.
Therefore, the FC 3L converter with Q2L modulation will have
more switching loss on MOSFETs, and the increase of
switching loss is determined by the voltage ripple of the flying-
capacitor.

Secondly, the reduced flying-capacitor value of FC 3L
converter is not desirable for converter protection. Figure 9
shows that during some fault conditions, such as direct parallel
with dc-link capacitor or shorting, the flying-capacitor could be
directly charged and discharged by a large fault current instead
of normal operation current. The fault current will result in a
much larger voltage ripple on the flying-capacitor and
corresponding high blocking voltage on S;-S,. On the contrary,
considering the fault current during very short periods of time,
the clamping diodes will not be damaged because the actual
power loss is small.
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Fig. 8. Device blocking voltage in 3L FC converter.

Fig. 9. Fault conditions that the fault current charges/discharges flying-
capacitor.

III. MODULATION STRATEGY TO FULLY UTILIZE THE
CLAMPING DIODE L0OSS CAPABILITY

A. Proposed Modulation Strategy

In Section II, we evaluated the use of a diode with a small
volume to solve the voltage imbalance of two series-connected
SiC MOSFETs with the existing Q2L modulation. However,
Q2L modulation has not yet been approved as the optimized
modulation strategy, particularly for low-frequency AC current
(50 Hz or 60 Hz), which was mentioned in the introduction. In
addition to Q2L modulation, the 3L NPC phase-leg could also
operate in 3L modulation (as shown in Fig. 10). In 3L PWM
modulation, two voltage levels are used for each switching
cycle. Unlike in 3L modulation, all switches S-Sy switch once
in the switching cycle in Q2L modulation to limit the conduction
time TO. This leads to an increase in the switching loss of S-Sy
with Q2L modulation. Therefore, it is desirable to evaluate a
new modulation technique that could achieve less total loss
compared to Q2L modulation while maintaining the benefit of
diode volume reduction provided by the Q2L modulation.
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Fig. 10. 3L operation principle of 3L NPC Converter.
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This paper presents a novel modulation strategy aimed at
maximizing the thermal capacity of clamping diodes and
minimizing the switching loss of S;-Ss in comparison to Q2L
modulation. The proposed method is outlined in detail in Fig.
11. Our approach involves incorporating an open-loop
conduction loss estimation of the clamping diode, allowing for
the selection of either Q2L modulation or 3L modulation in each
switching cycle. In this way, we can achieve less total loss while
preserving the diode volume reduction benefits of Q2L
modulation. It's worth noting that our approach disregards
reverse recovery loss since the SiC Schottky diode structure,
which is typically adopted, has negligible reverse recovery loss.

[ Measurement of i, J [Calcu.lation of V,-efJ

Calculation of P, 3
(3L modulation)

Pave,3L > Plimit?

Y N

[ Q2L modulation ] [ 3L modulation ]

Fig. 11. Flowchart of proposed modulation strategy in each switching cycle.

The estimation of the average conduction 10ss (Paye,3z) of the
clamping diode is discussed in detail. Equation (3) shows that
Pavesr can be estimated using the forward voltage (Vx(i,)) and
conduction time (79) of the diode. V(i,) can be obtained from
the datasheet by curve fitting once the clamping diode is
selected. The relationship between Vyi,) and i, can be
determined. iy is usually sampled every switching cycle for the
control of the converter, so there is no need for extra
measurement. The conduction time T for the zero-voltage level
is determined by the voltage reference V... For instance, in the
switching cycle illustrated in Fig. 10, Ty can be calculated using
equation (4).

Ve(in)ioT,
Pove st = % (3)
period
VierTperioa = 0.5VacTy
Vref (4)

T, = period — Tp = Tpert’od(l - 0.5V, )
Ve

The proposed modulation strategy includes an evaluation of
the estimated clamping diode average conduction 1oss Paye sz,
which is further discussed in detail. Equation (3) shows that
Paesr is estimated using the forward voltage Vy(i,) and
conduction time 7y of the clamping diode, which can be
calculated using the ac current iy and voltage reference Vref,
respectively. The forward voltage V(i,) can be obtained from the
clamping diode's datasheet using curve fitting once the diode is
selected. The conduction time 7, for the zero-voltage level is
determined using equation (4), as illustrated in Fig. 10.

After the estimated loss is calculated, the proposed
modulation strategy compares P 3 With the pre-set limit Primic
to determine the conduction time of different voltage levels. If

Paye s 1s less than Py, 3L modulation is selected to save the
switching loss of S;-Sy. If Py 3z exceeds Piimir, Q2L modulation
is selected to limit the conduction loss of clamping diodes. In
this case, the conduction time 7y for the zero-voltage level is
chosen to achieve clamping diode loss equal to P, as shown
in equation (5). The maximum conduction time of clamping
diodes is used when the conduction loss does not exceed Piimir,
as expressed in equation (6). Fig. 12 shows that a larger zero
voltage level conduction time helps reduce current ripple. The
conduction time for the other voltage level can be calculated
using equation (1).
Ve(i,)i,T,
Pave,QZL = % = Plimit (5)

period
T = PlimitTperiod (6)
? Vf (io ) io

Figure 13 illustrates the carrier-based modulation used to
generate the PWM control signals. This type of modulation was
chosen as it can be applied to both single-phase and three-phase
operation. Switching cycle #1 depicts Q2L modulation, while
switching cycle #2 shows 3L modulation. The selection of Q2L
modulation or 3L modulation can be achieved by controlling the
difference between the voltage references V. of S; and V. of
S.

With the proposed modulation strategy, the average
conduction loss of the clamping diodes in every switching cycle
is less than Py, ensuring that the actual conduction loss is also
less than Pjwi. By properly selecting Piimi, the proposed
modulation strategy does not cause any thermal issues with the
clamping diodes. Additionally, the proposed modulation
strategy allows for the use of 3L modulation in some switching
cycles, which reduces the switching loss of MOSFETs.
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Fig. 12. Illustration of relation between the load current ripple and zero voltage
level conduction time in Q2L modulation.
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Fig. 13. Carrier-based modulation to generate the PWM control signals.

In implementing the proposed modulation strategy, there are
different approaches to determining Pjmi. One solution is to
estimate the maximum allowable loss of the clamping diodes
based on thermal resistances or experimental measurements.
However, there may be estimation errors that could affect the
actual temperature of the diodes. Closed-loop control on the
temperature of the clamping diode could also be introduced. As
shown in Fig. 14, the temperature of the clamping diode Tyioae
could be continuously measured and used to determine Pjimr.
When Tuoqe €xceeds the reference, Piimi: could be reduced to
lower the clamping diode loss, or vice versa. Since clamping
diodes usually take at least tens of seconds to significantly
change temperature, the frequency of the temperature sensor
doesn't need to be close to the switching frequency of the SiC
MOSFETs.

Tdiode

P Piimit Proposed
modulation

T + adjustment

Fig. 14. Closed-loop control diagram for clamping diode temperature.

In addition to the impact on clamping diode conduction loss,
it is also important to evaluate the effect of the proposed
modulation on neutral point potential balancing. The charge and
discharge of two dc-link capacitors caused by the current i,, are
depicted in Fig. 15 and can be expressed in equation (7), while
the change in voltage difference A(V-Ve:) during each
switching cycle is given in equation (8). The term i, aely in
equations (4) and (5) is related to the conduction loss, and as
such, the relation between clamping diode conduction loss and
A(Vep-Ven) can be expressed in equations (9) and (10). Notably,
by controlling Pimi, the dc capacitor voltage ripple can also be
regulated, as shown in equation (10).

_ dvg, c dve,
lp = Cac — Lac

— 7
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Fig. 15. llustration of i,, impact on dc-link neutral-point voltage.

B. Simulation Verification

To verify the proposed modulation strategy, simulations
are first conducted. The simulation condition is a three-phase
3L NPC converter connected with the grid with an L filter. The
simulation parameters are shown in Table II. The dc-link
capacitor Cg. is 10 pF.
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Fig. 16. Simulation of proposed modulation under load current transient.

Figure 16 shows the simulation results for the proposed
modulation strategy under load transient. The waveform
demonstrates that the strategy can automatically adjust the 3L
modulation to Q2L modulation while estimating the loss of
every switching cycle. Similarly, Figure 17 depicts the
simulation results under power factor change. Here, Pave
represents the average conduction loss on the clamping diodes
in each switching cycle, while V, io, V¢, and Ve, denote the
output voltage, output current, and two dc-link capacitor
voltages, respectively (as shown in Figure 15). As can be seen
from the simulation results in Figures 16 and 17, the proposed
modulation strategy effectively limits the conduction loss of
clamping diodes under all conditions. To evaluate the strategy's
performance, we selected 20 W for Pjimir, which represents the
maximum loss of clamping diodes with Q2L modulation in the
simulation. Under this condition, the phase-leg current is 10 A
(RMS), and clamping diodes conduct 10 ps in each switching
cycle with Q2L modulation. Overall, our proposed modulation
strategy ensures that clamping diode loss does not exceed the
maximum loss in Q2L modulation while reducing the switching
loss of SiC MOSFETs with 3L modulation.

Figure 18 shows the simulation waveform of the proposed
modulation strategy with different Py values. With a smaller
Piimis, the period with Q2L modulation is increased to limit the
conduction loss on clamping diodes. Additionally, the
waveform shows that the maximum voltage difference A4V, max
between the dc capacitors is reduced when the Pjini; is lowered.

To further demonstrate the effectiveness of the proposed
modulation strategy, we conducted simulations for total device
loss Pgevice (including clamping diodes and SiC MOSFETs),
clamping diode loss Puiode, and maximum voltage difference
AVupmax under different ac load current conditions. The
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[TV
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ow
6 kV

"0 10 20 30 40 50 60 70 t/ms
Fig. 17. Simulation of proposed modulation under power factor change.

simulations were conducted for two power factors: 1 and 0.
Piioie and Pgevice were calculated for a single phase leg, and
AV up.max Was simulated with three-phase operation. The results
are presented in Figure 19.

As shown in Figure 19, under light load conditions, the
proposed modulation strategy behaves similarly to 3L
modulation due to the small clamping diode loss, resulting in
reduced total device loss compared to Q2L modulation.
However, for the rest of the load current conditions, the
proposed modulation strategy automatically switches between
3L modulation and Q2L modulation to control the clamping
diode loss. Furthermore, the switching loss of MOSFETSs
remains lower than Q2L modulation. Notably, the proposed
modulation strategy also helps limit 4V, max.

Overall, Figure 19 demonstrates two significant benefits of
the proposed modulation strategy. Firstly, it can maintain more
efficient 3L modulation when the clamping diode loss is
acceptable. Secondly, it can limit the peak clamping diode loss
when the 3L modulation causes large losses on the clamping
diodes.

C. The proposed modulation strategy for single converter in
dc-ac application

The preceding analysis demonstrates that the proposed
modulation strategy is a superior alternative to the Q2L
modulation strategy for the specific applications discussed in the
introduction. As single NPC converters are widely employed in
dc-ac applications, the proposed modulation strategy must also
be evaluated for such applications. In contrast to the Q2L
modulation strategy, which leads to increased volume of the ac
filter and reduced power density, the proposed modulation
strategy is appropriate for the NPC converter in dc-ac
applications with a different Py for clamping diode loss.
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Fig. 19 Loss comparison of different modulation strategies under different

The preceding analysis demonstrates that the proposed
modulation strategy is a superior option to the Q2L modulation
strategy for the specific applications outlined in the introduction.
As the single NPC converter is also widely employed in DC-AC
applications, it is crucial to assess the proposed modulation
strategy's suitability for such scenarios. Conversely, the Q2L
modulation is inappropriate for the NPC converter in DC-AC
applications because it results in a bulkier AC filter, which can
lead to a reduction in power density. However, the proposed
modulation strategy is still suitable for DC-AC applications,
albeit with a different Py value selection to limit the clamping

In most DC-AC applications, the converter's power factor is
usually near 1 during normal operation. By selecting Piimir
slightly higher than the maximum diode loss during normal
operation, the proposed modulation strategy becomes equivalent
to 3L modulation during such periods. With this Py selection,
the proposed modulation strategy can limit the diode conduction
loss only under abnormal operating conditions, unlike the 3L
modulation strategy, where diode conduction loss under
abnormal conditions may be much higher than the loss under

Moreover, the proposed modulation strategy's more flexible
clamping diode selection facilitates the commutation loop
design of the NPC converter [42-43]. The commutation loop
inductance is a crucial design challenge for the circuit layout of
the NPC converter. For high-power SiC MOSFET-based NPC
converters, replacing clamping diodes with active switches is a
practical solution to reducing the commutation loop inductance,
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but it incurs extra costs related to additional switches and gate
drivers. The smaller clamping diode volume enabled by the
proposed modulation strategy offers an alternative means of
reducing the commutation loop inductance, as it allows for more
flexible placement of clamping diodes in the converter design.
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In summary, the proposed modulation strategy may also be
appealing for single NPC converters in DC-AC applications.
However, its impact on the converter design with various P
values requires further detailed research. This study should
involve a comparison of detailed converter designs and consider
the converter's power rating and voltage rating, which are
outside the scope of this paper. This paper primarily focuses on
a better alternative approach to the 2-level converter structure
with series-connected switches.

IV. EXPERIMENT VERIFICATION

Figure 20 illustrates an NPC 3L phase-leg design using the
proposed modulation strategy, where the extra clamping diodes
are implemented with diodes from Fig. 3, without requiring an
external heatsink. This phase leg is a modification of the 2L
phase leg with series-connected SiC MOSFETs, as described in
[23]. The small volume of the clamping diodes is negligible
compared to the overall power stage design and facilitates the
phase-leg design. In traditional 3L NPC phase-leg designs,
careful placement of both SiC MOSFETs and diodes is required
to reduce switching loop inductance, as the high dv/dt of SiC
MOSFETs can result in a large voltage spike during the
switching transient. However, in the proposed design, the layout
of the phase-leg mainly needs to consider the SiC MOSFETs,
while the small volume diodes can be easily integrated with the
bus-bar, simplifying the layout design and reducing switching
loop inductance.

(b)

Fig. 20 Test setup for verifying the proposed modulation strategy:(a)
Configuration; (b) actual prototype.

The experiments are conducted to verify: 1) the phase leg
could operate without direct series connection of SiC
MOSFETs; 2) the clamping diode temperature could be
controlled with the proposed modulation strategy. The test
parameters are shown in Table III.

Table III Experiment Parameters

Parameters Value
DC-link voltage 2 kV
DC-link capacitor 3 pF
Switching frequency 10 kHz

Load Inductor 8 mH

Figure 21 presents the waveform of the proposed
modulation strategy, where a 2 kV dc bus voltage is used to
demonstrate the modulation. During the open-loop control test,
the power factor was close to 0. The experiment shows that the
modulation switches between Q2L and 3L depending on the
current. When the current is close to 0, the modulation is kept
as 3L to minimize the number of switching events. As the
current increases, the modulation is switched to Q2L to limit
the conduction loss on the clamping diodes during the
switching cycle. These results confirm that the proposed
modulation strategy can be effectively implemented during
operation.
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Fig. 21 Experiment result with proposed modulation: (a) line frequency
waveform;(b) zoom-in waveform of Q2L modulation period; (¢) zoom-in
waveform of 3L modulation period.

Figure 21 demonstrates the application of the proposed
modulation strategy to both phase-legs, which cancels out its
impact on the dc neutral point voltage. To highlight the
modulation's impact on the dc neutral point voltage, one of the
phase-legs was switched to 2L modulation, where the zero-
voltage level is not used for modulation, and only one phase leg
affects the dc capacitor voltages. The resulting waveform is
shown in Fig. 22. Fig. 22(a) shows that v,, has small ripples
when only one phase-leg is controlled with the proposed
modulation strategy. As discussed in Section III, the vy, ripple
is affected by the 3L modulation operation time, which is
determined by Pjimir. Fig. 22(b) shows the v,, waveform under
larger 3L modulation operation time, indicating that the voltage
ripple on the dc neutral point increases with more switching
cycles in 3L modulation, which matches the simulation
waveform in Fig. 17.

Although there is some current distortion in Fig. 21 and 22
due to open-loop modulation, the experiment is sufficient to
verify the proposed modulation strategy. It's important to note
that no closed-loop control was applied to the current to
compensate for the impact of non-ideal MOSFET switching
and dc neutral point voltage ripple.
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Fig. 22 Dc neutral point voltage ripple with proposed modulation: (a)
experiment waveform of one P;;;(b) comparison with different Py

To investigate the impact of modulation on clamping diode
loss, a phase-leg with different modulation strategies but the
same output current (2 A RMS) was tested. The dc bus voltage
was set at around 500 V, and SiC MOSFETs did not face any
thermal problems. The modulation index was 0.7, the switching
frequency was 10 kHz, and the power factor was 0. For the
experiments in Fig. 23-25, the phase-leg was controlled with
the same power factor and current (with the same voltage
reference in open-loop control), and only the modulation
strategy was varied. The test results are shown in Fig. 23-25,
and the temperature of clamping diodes under different
modulation strategies is summarized in Table IV.

Figure 23 shows the temperature of the clamping diode
with a 3L modulation strategy. The 3L modulation strategy
cannot control the conduction time of the clamping diodes, and
as a result, when the power factor is close to 0 in Fig. 23, the
clamping diodes have a long conduction time in the switching
cycles when the current is close to the peak value. Although the
current is only 2A (RMS), the clamping diodes reach 90°C in
less than 10 minutes, indicating thermal problems with the
diode selection. In contrast, Fig. 24 shows the temperature of
the clamping diode with the Q2L modulation strategy,
indicating that changing the modulation strategy can reduce the
loss of clamping diodes. The diode temperature is less than
50°C. However, this result also indicates that the Q2L
modulation is not an optimal modulation strategy at the tested
load current because the diode temperature is very low,
requiring a new modulation strategy.

Figure 25 shows the temperature of the clamping diode
with the proposed modulation strategy in section III. The
experiment shows that with the proposed modulation strategy,
the temperature can be controlled to better utilize the thermal
capability of the clamping diodes. In addition, the Q2L
modulation is not required for all the switching cycles, helping
to reduce the switching loss of the SiC MOSFETs. Although
the experiments in Fig. 23-25 have some distortion in current
due to open-loop modulation, the results confirm the impact of
the proposed modulation strategy on clamping diode loss and



IEEE POWER ELECTRONICS REGULAR PAPER

its effectiveness in controlling the temperature of clamping
diodes.

Table IV Clamping diode temperature in different modulation strategies.

Modulation 3L modulation Proposs:d Q2L.
strategy (Fig. 23) moc}ulatlon modulatlon
(Fig. 25) (Fig. 24)
Maximum
temperature of 90 °C 61.4°C 40.5°C
diodes

V. CONCLUSION

In conclusion, this paper presents an 3L NPC converter-
level approach to connect SiC MOSFETs in series, with a focus
on reducing the loss on clamping diodes. The 3L NPC converter
structure can avoid direct series connection of SiC MOSFETs
without significantly increasing the converter volume, by

VUpns (300 V /div] ]

[T

vpna [300 V/div]

T T S

changing the modulation strategy. Furthermore, the NPC
structure is shown to be a better option than the capacitor-based
multi-level structure as the converter-level approach for series-
connected SiC MOSFETs. This paper also proposes a new
modulation strategy for the 3L NPC converter structure by
adopting the combination of 3L modulation and Q2L
modulation based on loss estimation. Compared to the Q2L
modulation, the proposed modulation strategy achieves better
loss control of clamping diodes and improves overall
efficiency. Therefore, the 3L NPC converter structure with the
proposed modulation strategy is a better option in applications
where the 2L converter structure with series-connected SiC
MOSFETs is suitable. The experiment results presented in this
paper validate the proposed modulation strategy.
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Fig. 23 Clamping diodes temperature with 3L modulation in less than 10 minutes of operation.
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Fig. 25 Clamping diodes temperature with proposed modulation strategy after 10 minutes of operation.
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