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1 | INTRODUCTION

The benefits of using Modular Multilevel Converters (MMC)
in HVDC applications has been discussed in many papers and
in various MMC HVDC projects around the globe such as
the Z7ansbay Project in 2010 [1]. The performance of generating
a high sinusoidal output voltage with low harmonic distor-
tion, the ability of a black start, the full bidirectional active
and reactive power flow and the good scalability are the main
advantages of MMC based HVDC converters [2]. Nowadays,
the state-of-the-art Silicon (Si) IGBT based submodules show
a great performance considering power level and efficiency
[3]. Nevertheless, the need for a further decrease of losses is
important due to the use as a key component in enetgy trans-
mission systems. The fast improvement of high voltage (HV)
SiC MOSFETs considering increasing blocking voltage, low
on resistance, lower switching losses and unipolar behaviour
opens a new semiconductor technology for high power convert-
ers [4, 5]. Furthermore, various concepts for the freewheeling
diodes were attending for higher SiC voltage classes [0, 7]. Fur-
ther investigations seem to be promising as other research have
shown on system and circuit level presented in [8—12] and [13].
A review of comparison of Si and SiC based MMC can be
found in [14, 15]. A first idea of adapting the Si semiconduc-
tor area due to odd losses in a half bridge (HB) MMC was

This article presents the design and experimental validation of a novel semiconductor area
optimised 3300 V half bridge with Silicon Carbide (SiC) MOSFETs for HVDC convertets.
Based on a loss simulation, the problem statement is provided. On this results, a mathe-
matical derivation for the optimised semiconductor area design is executed. After this step,
a system loss simulation shows the performance in efficiency and specific output powet.
Finally, a proof of concept was provided by a scaled hardware test setup to characterise the
dynamic behaviour of the novel SiC half bridge design compared to the conventional SiC

presented in [10]. The recent focus on SiC MOSFETs opens
a new field for design optimisation methods. However, only
fewer investigations about potential design optimisations of SiC
MOSFETs within the application of HVDC MMC were done so
far. Hence this work appoints a new degree of freedom to select
the required semiconductor area in a SiC based HB for MMCs.
This work includes results of [17] and [18], which were already
published as conference papers by the author. In this work, a
new second design target option for the SiC AHB is presented
to increase the efficiency by reusing the saved semiconductor
area of the HS chip.

2 | MOTIVATION AND PROBLEM
STATEMENT

The use of HV SiC MOSFETs allows novel prospects of
design optimisation. One of them is the optimum use of
semiconductor area for a better fit of investment costs.
Due to the unipolar character of the device without bipolar
plasma except the body diode, a free choice of semiconductor
area is only thermally limited compared to the state-of-the-
art Si IGBT based submodules. Therefore, the benchmark
application for this investigation was an MMC with SiC
MOSFET based HB submodules as illustrated in Figure 1.
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FIGURE 1 Investigated HVDC Converter: MMC with HV SiC MOSFET based HB submodules.

For all upcoming abbreviations, the low side (LS) switch
corresponds to T2 whereas the high side (HS) switch to
T1. All further abbreviations and symbols are listed in the
appendix.

2.1 | Losses and junction temperature of
conventional HB

The arm current 7z, of an MMC consists of a sinusoidal AC
and a DC part (Equation Al). This causes asymmetrical RMS
values of the switching currents in the HB, which is illustrated
in Figure 2.

Figure 3 shows the losses of the SHB in an MMC in the
full range of converter DC current for rectifier /¢ < 0 and
inverter /¢ > 0 operation. The simulation tool is based on the
proposed loss model published in [19] and can be found in
the appendix. A mostly linear forward and reverse conducting
behaviour of the DUT leads to a parabola shape of the losses
as proven in Figures Al and A2. Furthermore, the most dom-
inating losses in an SiC based HVDC MMC are conduction
losses [20]. The maximum converter current is thermally limited
to the first semiconductor component which will reach 125°C.
The SHB shows a very odd utilization on the semiconductor
HB components over the whole converter current operation.
Obviously, the SHB has a high asymmetrical losses and temper-
ature stress between the LS and HS devices within the HB (solid
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FIGURE 2 Envelope of forward and reverse (R) switching currents in LS
and HS switch of a MMC HB submodule.

lines). This results in less 7} in the HS switch compared to the
LS switch, which is equivalent to a very low utilization of the HS
switch (Figure 4). The asymmetrical strain can be explained by
the odd arm current, which creates asymmetrical RMS values as
illustrated in Figure 2.

The subsequent 7} of the LS and HS switches for the SHB
(solid lines) and the AHB (dotted) is shown in Figure 4. The LS
temperature remains identical for both HB designs.
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FIGURE 3  Comparison of total power losses for the SHB and the AHB
half bridge with reduced HS area.
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FIGURE 4  Comparison of 7j for the SHB and the AHB half bridge with
reduced HS area.

2.2 | Mathematical derivation of the
semiconductor area design pattern

For the design optimum of semiconductor area, the dependence
of 7j by the semiconductor area has to be taken in account.
No switching losses were considered in the detivation due to
their minor role of total losses by 6% [20]. There are two major
impacts on the 7j by the semiconductor area of LS and HS
switch as shown in Equation (1).

ATjc (Apcive) = Brn * Rpson * Igys

2
_ R
= "THJC " 'DS,0n " T 5

Active®

)

The direct influence of semiconductor area on the electrical as
well as the thermal resistance can be expressed by Equations (2)
and (3).
DS,0n
Rps,on = 3 , @

Active

Equation (5) depending on the effective current density_/iis rus
of the HS switch.

, , 1
AT s (Ans) = rrige - ps,onts Jisrus © T
71 SHSopt )

= PTH,JC * PlLoss,SHB,HS-

The average power loss density per switch can be computed by
Equation ().

DsuB =

1 +/pC, Max
: / psup dipc. (©)

2- [DC’M“ IDC,Max

The same approach was used for the LS switch by Equation (7)

ATjc1s(ALs) = Prijc  s,0n,Ls ']ES,RMS
@)

= PI'H,JC * PLoss,SHB,LS

|
The conditions for both 7} must fulfilled by AT = ATy s

JC,HS
By equal values for Equations (5) and (7), the following

correlation was derived:

- 1
PTH,JC * Ploss,SHBHS 5
91 SHSopt

= ,JC © Ploss,SHB,LS-
PTH,JC * PLoss,SHB,LS

Following the area design ratio was derived on the power loss
density for the LS and HS switch by Equation (8).

PLoss,SHB,HS

®)

a1 SHS,opt — = .
P PLoss,SHB,LS

3 | DESIGN TARGET OPTIONS FOR
THE ASYMMETRICAL SiC HALF BRIDGE

In this section, the two basic target options are shown with
respect to their pro and contra aspects. The first target option
was a cost optimised version of the AHB with less total semi-
conductor area compared to the SHB. This version will save
costly semiconductor area for the drawback of less system effi-
ciency. The second target option was a reuse of semiconductor
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FIGURE 5 Example: Basic chip layout of conventional SHB (left) and semiconductor area reduced design AHB1 (right).

area from HS to LS for a further reduction of losses in the
higher strained LS switch. In this case the semiconductor costs
remain the same but a higher efficiency could be achieved
compared to the SHB.

3.1 | Design target I: Reduction of total
semiconductor area

The semiconductor ratio for AHB1 with a target
option to reduce the total semiconductor area could
be detrived by Equation (8) with a value of argpspe =

VProssshpis/ PlLosssisrs = V0.0734/0.2593 = 0.53.  In
this design, the number of chips for the conventional SiC HB

was 16 chips per switch, which sums up to 32 chips for the
total SiC HB module package. Therefore, a design proposal of
8 chips for the HS and 16 chips for the LS switch was made
as illustrated in Figure 5. The final correctness to reach the

optimum 4 gpisop in the teal wotld application depends on
the numbers of total chips per switch, which enables a higher
resolution. The resulting efficiency for the AHB1 was 99.71%
and therefore 0.04% less compared to the SiC SHB reference,
which is illustrated by Figure 7. However, the efficiency was
0.07% higher compared to the Si IGBT based refetence. The
total semiconductor area of the AHBI1 design was approx.
25% less compared to the SHB reference at an identical output
power. Therefore, the design AHB1 design represents the fix
costs reduced HB type.

3.2 | Design target II: Optimal reuse of total
semiconductor area

The second design target with an optimum distribution of
semiconductor area between LS and HS switch features also
less semiconductor area in the HS compared to the LS switch
(Figure 0). In this case, the reduced HS area is added to the LS
switch which resulted in an identical total area for the whole
SiC HB. The HS switch is reduced from 16 chips to 10 chips
which is equivalent to a 37.5% reduction. The cut down HS area
was added to the LS switch, which increased by 37.5%. In the

TABLE 1 Measurement conditions and basic DUT information.

Type Value/specifications

Oscilloscope LeCroy, 12-bit, WaveRunner 8108HD
HV-probes PMK 641-L, 100:1, 380 MHz

CWT/6/R,1.2kA
LeCroy HVFO108 (HS gate voltages)

Current measurement
FOB probes

DUT 3.3 kV SiC MOSFET, /yom = 45 A
Gate voltage levels Vgs=—-5V/+17V
Internal gate resistor 30 Q

Stray inductance 1500 nH for both HB types
Load inductance 5mH

DC cell voltage Veen = 1800 V

Case temperatures 25° C fot cold and 125° C for hot tests

example module, the number of LS chips was increased from
16 to 22. The total optimum area ratio from HS to LS remained
almost the same as for the design of AHB1 with a ratio of
AL SHS,0pt = 10/22 = 0.45 compared to 8/16 = 0.50. The sec-
ond design target AHB2 reached an efficiency of 99.79%. For
the AHB2 the total semiconductor area remained the same like
the SHB. Thetefore, the All SiC designs showed a better effi-
ciency compared to the Si reference design as illustrated in
Figure 7.

4 | EXPERIMENTAL VALIDATION

The last section focuses on the experimental validation by a
characterisation of the switching behaviour. First, the expeti-
mental method is described. Furthermore, the hardware setup
and basic circuit typologies are illustrated. Finally, the experi-
mental results with respect to various dynamic parameters are
presented. In this case, only the AHB1 is compared to the SHB
due to the easy scaling with discrete devices. As the semicon-
ductor ratio of LS and HS for the AHB1 and AHB2 is the same,
the basic results are valid for both AHB designs. The measure-
ment condition and basic DUT information is listed in Table 1.
A picture of the hardware test setup is visualised in Figure 8.
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FIGURE 6 Example: Basic chip layout of conventional SHB (left) and semiconductor area optimum distributed design AHB2 (right).
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FIGURE 7 System efficiency of converter for both AHB design targets,
SiC SHB reference and Si reference for identical converter power.

4.1 |
setup

Circuit topologies and hardware test

The submodule cells of a state-of-the-art HVDC MMC consists
of the submodule capacitor, the busbar and the semiconductor
power modules with multiple chips in parallel. To avoid unnec-
essary expenses and demands, a scaled hardware test setup with
discrete 3.3 kV SiC MOSFETSs was used. The SHB was realised
by two single chip based parallel half bridges as illustrated in
Figure 9. This setup of the SHB was also used as fair reference
for the AHB, which consists of 50% less HS semiconductor area
by removing one chip of the HS switch (Figure 10).

The experimental validation for both HB types was executed
by a double pulse test setup (Figure A4). The parameters for
characterisation were scaled values from an SiC HB power mod-
ule of the real application to discrete chips. The values are
shown in Table 1.

The subsequent subsections focus on the anomalies of
switching characteristics, gate resistor design and freewheeling
diode operation between the SHB and AHB. A deeper look on
the anomalies of switching, gate resistor design and dead time
optimisation between the LS and HS components of the AHB
will conclude this section.

FIGURE 8 Photograph of the hardware test setup (Example of SHB).

For all tests, an identical stray inductance of 1500 nH was
applied as shown in Table 1. This value is equivalent to a power
module with 16 chips. For a better visibility of the traces, all
current values are multiplied by a factor of ten.

4.2 | Turn-off switching comparison of both
HB types

The turn-off switching characterisation was executed at 7j =
25° C. For both HB types, the LS and HS switches wete charac-
terised. The external turn off gate resistors R¢; o¢r were designed
to reach a maximum turn off voltage of 600 V at 137.5 A addi-
tionally to the DC link voltage. The total sum would be 2400 V
with 1800 V DC link voltage. This value would correspond to
3000 V at a 2400 V DC link voltage, which is the maximum
voltage level before a pulse stop in a 3.3 kV MMC submodule.
The maximum switching current of 137.5 A corresponds
to 1100 A for a power module with 16 chips, as the test setup
contains two chips in parallel. The R o¢ design was straight-
forward. Thus, the doubled semiconductor area switches get
half valued as a common R o compared to the HS single
chip. For the LS turn-off switching, the experiment showed
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FIGURE 9 Basic circuit typology of conventional SiC SHB as reference.
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FIGURE 10 Basic circuit typology for the hardware test setup of the novel SiC AHB.
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FIGURE 11  HS switch turn-off characteristics of both HB types, HS
switch SHB (solid), HS switch AHB (dashed).

identical results for both HB types as the semiconductor area
was identical. Therefore, only the HS switching characteristics
are illustrated within this paper in Figure 11. The SHB consists
of two paralleled HS chips and therefore both share an equiva-

lent current of half of the total switching current if there is no
current mismatch. The pinch-off voltage is increased at higher
currents for the AHB HS switch at identical current, which is
illustrated in the different transfer characteristics in Figure 12.
The fall time is increasing and therefore the absolute value of
didt would decrease. Thus the absolute Zzdt of one chip is slower
compared to two paralleled chips when using identical gate
resistance per chip and switching off a current of 137.5 A. The
slower didt of a single chip at identical current results in a lower
overshoot switch-off voltage of [5g is shown in Figure 13. Con-
sequently R o can be decreased to reach the identical turn-off
voltage. This effect explains why Rg g of the AHB is 63 Q
instead of 95 Q, which would be the straightforward design, as it
marks the doubled value of 47.5 Q. The internal gate resistance
R of 30 Q is added additionally for each chip of the HB types.
Thus, the total gate resistance per chip was reduced from 125 Q
to 93 Q for the AHB, which is equivalent of a treduction by 25%.
The total turn-off losses Eg are decreased from 103 m] to
87 mJ at the full current of 137.5 A (Figure 14). A second side
effect besides a lower Eg was the decreased effective output
capacitance of one chip compared to two chips. In this sub-
section, the HS switch off characteristics were investigated for
both HB types. There was a proof of concept by experimental
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FIGURE 13  Voltage and current turn-off slopes of both HB types.
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FIGURE 15 LS switch turn-on characteristics of both HB types.

validation and how to design the corresponding external Rg o
Even with the 50% reduced HS switch semiconductor area,
the turn-off switching characteristics of the AHB shows only
minor differences compated to the conventional HB.

4.3 | Turn-on switching comparison of both
HB types

In this subsection, both HB types were investigated for the turn
on characteristics of the LS and HS switch. Both LS and HS
switch were tested in an active switch role. Additionally, the
complementary freewheeling body diodes were characterised
for their turn off behaviour. The value of R o, was adjusted
to achieve a maximum turn off voltage of 600 V for the body
diodes at maximum switching current and junction tempera-
ture of 125°C. No patallel reverse conducting channel was used
to support the freewheeling diodes with synchronous rectify-
ing. Therefore, the gate voltage 1/5g was tuned to —5 V for the
passive switches.

The first approach was to select identical R y,, as the LS chip
of both HB types as illustrated in Figures 9 and 10. However, the
HS body diode of the AHB showed a lower turn voltage peak
for the identical switching current as it featured less semicon-
ductor area. The comparison of turn on of both active switches
is shown in Figure 15. The maximum diode turn off voltage
was 500 V for the AHB and 670 V for the SHB (Figure 10).
This effect could be explained by the higher semiconductor
area of SHB which leads to more reverse recovery charge Org
at an identical bipolar current. This investigation revealed the
more dominant impact of the semiconductor area on Opgr and
is illustrated in Figure 19.

The straightforward design of the LS Rg o, design was feasi-
ble for both Hb types as the turn off voltages of the body diodes
showed only minor variances as illustrated in Figure 16. The
turn on transients over the various switching currents showed
also similar values as illustrated in Figure 17. Consequently, the
LS turn on losses E, as well as the diode losses Ery had
only minor differences which is presented in Figure 18. The
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FIGURE 18 LS switch turn-on losses of both HB types, SHB (black),
AHB (blue).

FIGURE 19 Corresponding HS Body diodes Org over current, SHB
(solid), AHB (dashed).

comparison of Ogg for both HB types is shown in Figure 19.
These curves reveal that the SHB semiconductor area of the
bipolar body diode with a shared switching current generates
more bipolar charge compared to the half semiconductor area
of the AHB with the identical current. Additionally, more capac-
itive charge is generated by the doubled semiconductor area.
For the AHB body diode, the reverse recovery charge Opr was
approximately 25% less than the SHB HS body diodes. The
overall straightforward design for the turn on control of the LS
switches was possible for both HB types to achieve a similar
switching behaviour for the active and passive switches.

44 |
switch

Comparison of the AHB LS vs. AHB HS

The asymmetrical semiconductor area of the LS and HS switch
within the AHB is evaluated in this subsection with regard to
the active turn on and body diode switching behaviour. The
straight-forward design for Rg o, was chosen for the LS and
HS switch which led to an almost similar turn on charactetistic
as illustrated in Figure 20. The turn off switching of the com-
plementary body diodes indicated also a very similar switching
behaviour (Figure 21). It should be noted that the total effective
gate-on resistor value per chip is a sum of the internal gate resis-
tance Rg i pet chip and R o, per chip. The effective external
RG.on of one chip is determined by the common driver path
between driver voltage and common gate-on path of the par-
allel devices. Thus, the total turn on RC time constant of the
LS switches is double the value of the HS switch time constant.
Since Rg i is 30 Q, the external R o, of the HS switch was
selected to 0 Q for achieving the same over-shoot voltage as the
corresponding LS body diodes. For the LS switches, Rg ;.. of
the common driver was tuned to 16.5 Q. So in each chip gate
path of the parallel LS switches, a total effective gate-on value of
46.5 Q appears. The HS switch had an effective value of 30 Q
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FIGURE 20 LS and HS turn-on switching of AHB, LS switch (solid
lines), HS switch (dashed lines).
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FIGURE 21 LS and HS body diode turn-off switching of AHB, LS diode
(dashed lines), HS diode (solid lines).

as the external R o, was 0 . Also, in this case the odd values
can be explained by the higher pinch-off voltage of a single chip
conducting the identical current compared to two chips in paral-
lel (Figure 12). The oscillations of the HS diode turn-off voltage
showed a higher frequency as the output capacitances of the HS
switch is half of the LS switch. Also for this case, almost iden-
tical switching characteristics wete achieved for the LS and HS
switch of the AHB.

4.5 | Influence of intetlock time optimisation
on AHB

The intetlock time also defined dead time 7.4 as the con-
ducting time of the body diode of the passive switch between
the conducting of active and reverse conducting passive switch
(Figures A3 and A5). The basic influence of interlock time on
the switching characteristic of the body diode was already inves-
tigated in [20] and [21]. Therefore, only the result of interlock
time optimisation for the new design is presented. It is executed

FIGURE 22 Influence of 7p,q on turn-on switching of the AHB, AHB
10 opt. Iheaq = 5 7s (solid), AHB w. 7jy,qpeq = 1.5 7s (dashed).
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FIGURE 23 Influence of 7p,q optimisation on turn-on losses, AHB no
opt. Iheaq = 5 7s (blue), AHB w. 7ye,q = 1.5 7s (green).

in multiple iteration steps. The first step is a decreasing of 7jy..q
until a bridge short circuit occurs between LS and HS switches.
The last good value before the short circuit event determines
the optimised 7y,q at a given R o, at the maximum switching
current. The second step of the iteration process is a reduc-
tion of R o, until the maximum diode turn off voltage occurs.
Now the iteration loop of decreasing 7py.,q starts again until the
minimum possible R o, is reached.

The reduced turn off voltage in the freewheeling diode
allows the user to decrease the external Rg o, of the active
switch to even 0 Q (Figure 22). The faster turn on events lead
to less Eq,,. Finally, 2, could be reduced by 54% leading from
107 m] to 46 m] at maximum switching current (Figure 23). A
RG jine 0f 30 Q and a Tjy,q of 1.5 ps induced an almost identical
diode turn off voltage as that without any reverse channel
conduction of the HS switch (Figure 24). The total Ogg was
reduced from 3.2 "C to 2.6 “C which is a relative reduction by
19%. This subsection focused on the impact of an optimum
THeaa on the AHB. It was demonstrated that the choice of an
optimum 7py,q is also useful to reduce the Opg (Figure 25) and

85UB017 SUOWIWOD BRI 3|(dedldde 8Ly Aq peusenob aJe Sapiie O ‘8sN JO Sa|nJ 10} A%Iq1T8UIIUO A8]1M UO (SUONIPUOD-PUE-SWLBYW0D A8 |1 Akeq Ul [Uo//Sdiy) SUORIPUOD Pue sWie | au 8es *[620z/20/S2] Uo Ariqiauluo /8|1 ‘Uineikeq BersieAlun Aq £692T ZRd/6r0T 0T/I0p/L0o A3 (1M Aleiqpuljuo Yo Jessa e //Sciy Wwo.j pepeojumod ‘. ‘7202 ‘SverSSLT



798

BERGMANN and BAKRAN

vowT

R Dead” M — — =vp W T

R W Tpeag=1308

— — =i - 10

-1 -0.5 0 0.5 1 1.5 2
t/us
FIGURE 24 Influence of 7j.,q on dynamic characteristics of the body

diode, no opt Tpyeaq (solid), w 7jye,q (dashed).

—— 0y AHB Opg AHBW T, ‘
35
3 L —
/
% 2 — /
~
S —
1
05
0
40 60 80 100 120 140

In/A

FIGURE 25 Influence of 7p,q optimisation on Org, AHB HS no opt.
Thead = 5 7s (blue), AHB HS w. Tjyeq = 1.5 7s (green).

therefore decrease the turn-on switching losses by a reduced
gate resistor design.

4.6 |
design

Overview external gate resistance

This final subsection will sum up the final gate resistor values
which were used for both HB types and aims to provide an
overview to design the AHB. All values are listed in Table 2. The
beginning subsection discussed the turn off switching of the
AHB. After this, two different turn on event cases were inves-
tigated in the previous subsections. First, the turn-on switching
without any reverse conducting MOSFET channel to the par-
allel freewheeling body diode. Secondly, the activation of the
reverse conducting MOSFET channel with an optimised dead
time. At a first glance, the adjustment of identical time constant
values T was not successful for a similar switching event due
to the modified transfer characteristics of one compared to two
chips. Therefore, the time constant of the HS switch Tpp 15
had to be further reduced for the identical switching speed.

TABLE 2 Opverview of external gate resistor design for all switches.

Switch Value

LS SHB R o 47.5Q

HS SHB Rg o 475Q

LS AHB Rg o 475Q

HS AHB R o 63O

LS SHB Rg 0n 16.5Q (Tpeaq Z 5 W) 0Q (Teaa = 1.5 W)
HS SHB Rg 00 16.5Q (Thea = 5 Ws) 0Q (Teaq = 1.5 )
LS AHB Rg, 00 16.5Q (Theat = 5 o) 0Q (Teaq = 1.5 )
HS AHB R0, 0Q (Tpeaa 2 5 W) 0Q (Tpeq = 1.5 1)
4.7 | Discussion and outlook

This investigation of the AHB design was based on simulation
for system evaluation, whereas the critical switching cell design
was validated by an experimental hardware test for 3.3 kV SiC
MOSFET devices. Further research focuses on higher voltages
classes such as 6.5 kV SiC devices, which will also be investi-
gated for the novel AHB design approach. A comparison of
MMC submodule voltage classes for 3.3 kV and 6.5 kV SiC
SHBs was already executed in [22]. Another interesting topic
would be a scaled MMC hardware platform equipped with
the novel AHB to evaluate the benefits on system level by a
complete converter hardware platform.

5 | CONCLUSION

In this work, a novel design of a semiconductor area optimised
3.3 kV SiC HB for HVYDC MMC submodules was introduced.
The design rules for an optimised semiconductor area between
the HS and the LS switch were derived from a mathemati-
cal derivation based on fundamental equations of electrical and
thermal parameters. The design rules were validated by an MMC
HB simulation tool for two different design targets. The AHB1
features a cost effective approach to save SiC chip costs with the
drawback of less system efficiency whereas the AHB2 focuses
on a more efficient distribution of the total semiconductor area
to increase the efficiency. Finally, an experimental validation for
switching characteristics of the novel HB design was executed.
For this purpose, two discrete 3.3 kV SiC half bridge designs
were validated in double pulse tests for switching performance.
The first was the SHB as reference to the second HB which fea-
tured the AHB. A proof of concept was shown considering the
optimal gate resistance design for the AHB. An almost identical
switching behaviour was achieved by selecting proper gate resis-
tors. The focus was on different effects of the reduced HS body
diode capability considering reverse recovery charge, switching
losses and overshoot voltage of the SiC MOSFET devices in
the novel AHB design. The AHB has even less switching losses
compared to the conventional SHB. Therefore, the use of an
SiC AHB is possible to operate by choice of a proper gate resis-
tor design. However, the final choice of use will depend on the
ratio of converter fix costs and the economical loss costs of the
system [23].
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APPENDIX Fit Fit
— — —Meas — — — Meas

1500 | ! ! ! ! ' 7]
Symbol Explanation/comment
ATy Rise of junction temperate from junction to case < 1000 - ]
Anctive Active chip semiconductor area without edge termination \Q
SHB / AHB Symmetrical / Asymmetrical half bridge =
Ars/us Active chip semiconductor area of LS / HS switch 500 1
A,HS Reduced active chip semiconductor area of HS switch in AHB
A SHS opt Semiconductor area design ratio from HS to LS switch 0 | | | | | |
e Ideal duty cycle of submodule modulator 0 1 2 3 4 5 6 7
n Converter system efficiency: ) =1 — (3 - Dot - N)/Fpe Vbs or Vgp / A%
Jour Average AC output frequency

FIGURE A1l Meas. vs. Fit of 3.3 kV SiC MOSFET output (black) and

fsw Average submodule switching frequency reverse (blue) characteristics for 7j = 125 °C, 155 = 17 V.
Ibc DC current of converter

hLs/uspvs  Current RMS value of LS / HS switch

JLSRMS Current density RMS value of LS switch

K Redundancy factor of submodules

M Modulation index M = 2/ Vpe

1 AC load angle of converter

PsuB Power loss density of switch over DC current operation

Pe Total converter DC power I = Vpe * Ipc

Psup Average power loss density of switch over DC cutrent operation
Rps,0n Absolute conduction resistance of SiC MOSFET

Ry e Absolute thermal junction to case resistance

DS,0n Relative area specific conduction resistance of SiC MOSFET
PIHjC Relative area specific thermal junction to case resistance

RG,0n/0f¢ External turn on / off gate resistor

THead Interlock dead time between LS und HS driver control signal
Thc Peak value of converter AC output voltage
"'dbe DC link voltage of converter

Mathematical average loss model of MMC half bridge

oy = T (V3 sinwr — gy

A = -5 ° - = 1 ’

m 3 M . €0§(¢I) (Al)

Z.Arm,pos for Z.Arm > O’ Z'Arm,neg = |Z'Arm < Ol
M 2

KA+ /5

— fSW'
fOut ’

() = cos(wt) + %mx(?)&)l)) , (A2

r Yinscrt(f) =T+ 6(f)’ Ybypass(f) =I- 5@)

T
1 . .
PC,HS = T : / g - ’ps (ZArm,neg) : ZArm,negdl" (A3)
0

1
1 . .
PC,HS,R = ? : / 8- ’sSp (ZArm,pos) : ZArm,posdt’ (A4)
0

7
1 . .
Fes = T / (1=29) - s (ZArm,pos) : ZArm,posdt’ (A5)
0

T
1 . .
PC,LS,R = ? ' / (1- 5) * USD (ZArm,ncg) : Zr\rm,ncgdl" (A6)
0

A
1 .
PS\‘V,HS = ? : / (Yinsert ) bOn (ZArm,neg) (A7)
0

+ Ybypass : EOff(jArm,neg))dl’

,
1 .
Rwpsp = = - / Yiypass * ERR (Arm,pos))d7, (A8)
0

T
1 .
PS\‘C",LS = ? : / (Yinscrt : E()n(ZArm,pos> (AQ)
0

+ Ybypass : E()ff<iz\rm,p(>s))dt’

T
1 .
PS\‘V,LS,D = ? : / (Yinsert : ERR(ZArm,neg))dl' (AlO)
0

Thermal loss model of submodule switches

I, = (Byc + Rep + Ruw) * Pro + Ty,
(A1)
fzf,n = PC,n, + R:,n,R + ])S\‘C",n, + ]%\X’,n,D'

Conduction measurement data and fit equations of model

Vbssp = a, - I3+ b, - I3 + ¢, I,
i (A12)
Eono0frR = 4y - 15+ b, - Ip + ¢,

Static output characteristics of 3.3 kV SiC MOSFET;
definition and test circuit for dead time
Figure Al shows the measurement output and reverse char-
acteristics of the 3.3 kV SiC MOSFET module and the
mathematical fit.

In Figure A2 the forward and reverse conduction losses are
shown over the current.
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FIGURE A2 Forward and reverse conduction losses of 3.3 kV SiC
MOSFET power module based on measurements in Figure Al.
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FIGURE A3 Basic test circuit for determination of the optimum dead
time.

Figures A3—A5 illustrate the basic circuit for dead time tests,
the basic timing diagram of the switching pulses and the detail

FIGURE A4 Basic overview of time diagram regarding the test setup.

Phase 1 1 Phase 2 Phase 3
1

Vontrol

[}

|

Tpead |

DUT2 '

DUTI1

Phase 1 Phase 2 Phase 3

FIGURE A5 Definition and time phases of dead time.

timing definition of the dead time for reverse conduction of
MOSFET channel and body diode.
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