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Abstract—This paper identifies extra junction capacitances and
switching commutation loops introduced by line-frequency devices
(i.e., non-active every other half line cycle) in three-level ac/dc con-
verters and investigates the corresponding effects. Junction capac-
itances and power loops are well known as the key factors that
impact converter switching loss and device stress, thus influence
device selection, power stage layout, and thermal design. By ex-
amining switching transients of the commonly used T-shaped and
I-shaped three-level converters, the cause and mechanism of the
extra junction capacitances and power loops are presented. The
impacts on switching loss, device voltage stress, and ac-side volt-
age/current distortion are respectively reported and analyzed. A
loss calculation scheme for the three-level converter to include that
extra loss is proposed. A power layout scheme to mitigate the de-
vice voltage stress is provided. Compensation and modeling of the
voltage and current distortion are also proposed. Experimental re-
sults conducted on several types of three-level converter prototypes
including a gallium nitride based 115 Vac/650 Vdc /1.5-kW/450-kHz
Vienna-type rectifier and a SiC MOSFET based 1-kV/10-kW/
280-kHz three-level active neutral-point-clamped inverter con-
firm the presented effects and verify the associated analysis and
solutions.

Index Terms—Commutation loops, device stress, junction capac-
itances, loss calculation, three-level ac/dc converter, voltage/current
distortion.
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I. INTRODUCTION

THREE-LEVEL ac/dc converters, represented by unidirec-
tional rectifiers, such as Vienna-type rectifier variants, and

bidirectional converters, such as T-type converters and I-shaped
converters (e.g., neutral-point-clamped (NPC) and flying ca-
pacitor based variants), have been widely used in motor drives
[1]–[4], grid-tied inverters [5], front-end rectifier of telecom
power supplies, and electric vehicles (EV), and aircraft chargers
[6]–[9], owing to their low device stress and ac harmonics. In
recent years, with the emergence of new power semiconduc-
tor technologies such as wide bandgap (WBG) devices, several
effective measures have been proposed to pursuit the best trade-
off between high converter efficiency and low cost, such as
partially replacing Si devices by SiC MOSFETs, fully upgraded
to SiC MOSFETs, and hybrid-NPC solutions by inserting addi-
tional half-voltage rating SiC devices to a Si-based three-level
(3L) converter to reshape the commutation loop [10]. These ap-
proaches are debated and comparatively studied in [11] and [12]
for T-type inverters: the partial SiC solution shows lower loss,
less converter complexity, but slightly higher cost; the hybrid
type has the lowest cost but the highest complexity, whereas the
full SiC version shows the lowest loss and complexity, but the
highest cost. In the meantime, different modulation schemes are
compared in various NPC inverter variants [13], and a method
that uses dual-shared neutral paths for a full SiC active NPC
(ANPC) inverter is proposed, showing the lowest loss, similar to
the concept in [23] for insulated-gate bipolar transistor (IGBT)-
based ANPC inverters. In addition to efficiency improvement,
high power density is always one of the key targets in EV and
aircraft applications. In these areas, converter design moves fur-
ther toward high switching frequency so as to reduce the size
and weight of the passive components [9]–[14], especially when
highly efficient WBG devices are adopted and when their costs
are getting lower as the technologies are advanced.

Regardless of the above-discussed different schemes, for
these pulsewidth modulation (PWM) controlled hard-switching
converters, the switching speed, junction capacitance Coss, and
power commutation loops are the critical design parameters to
determine loss and voltage/current stress of the devices. Un-
derstanding their effects ensure proper device and topology se-
lection, correct loss calculation, sufficient cooling, and optimal
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Fig. 1. Three common Vienna-type variants. (a) [31]. (b) [32]. (c) [33], [34], and [29].

power layout, therefore, is essential for high efficiency, high re-
liability, and high density converter design, especially when fast
speed devices and high switching frequency operation become
favored nowadays.

Although these aspects of 3L converters have been studied for
decades in Si-based converters, e.g., the analytical loss calcula-
tion for Vienna-type rectifiers in [15]–[18], device commutation
and loss analysis for T-type converters in [19] and [20] and for
NPC converters in [21]–[24], some important effects of other
switching commutation paths and related junction capacitances
inherent in 3L ac/dc converters have not been discussed in the
past. For example, all the above-mentioned switching commu-
tation analysis and loss calculation for both Si and SiC 3L con-
verters still follow the basic traditional approach, i.e., based on
the two-level double pulse tester (DPT) setup, which has been
widely used in characterizing devices, in obtaining conduction
and switching loss [25]–[27], and in producing datasheet of the
commercial devices. However, whether the switching energy
data Eon and Eoff of DPT can be readily utilized for the 3L
converter loss calculation has seldom been carefully consid-
ered. The feasibility was questioned when a highly mismatched
switching loss was observed between the calculation and exper-
iment in [17]. The heatsink/cold plate coupled capacitance in
the actual 3L converter prototype was highlighted to partially
account for the significantly higher switching loss. However,
the major cause was attributed to device parasitic capacitance
introduced by “unfavorable” PCB layout induced in the actual
3L converter, and no further investigation was conducted. Ob-
serving the similar loss mismatch, this paper conducts a deep
investigation and finds that this part of extra capacitance is actu-
ally related to the line-frequency devices or non-active devices
every half line cycle in 3L converters. A simple approach that
takes account of the additional loss but still utilizes the typical
DPT data is, thereafter, proposed for 3L converters.

Moreover, the non-active devices are also found to be the
cause of excessive device stress and voltage/current distortion
in 3L converters. Hence, it is of general significance to 3L
converters. The cause and impacts that may be less important at
low switching speed and low frequencies become significant at
high switching speed and high switching frequencies. Therefore,
different mitigation solutions are demanded.

Fig. 2. Commutation loops with extra capacitance involved in Vienna-type
three-level rectifier variant (c), illustrated in red.

In this paper, the extra device junction capacitances and
commutation paths in different types of 3L converters are pre-
sented in Section II. Their impact on switching loss is analyzed
with a new loss calculation method proposed in Section III.
The impact on voltage stress of power devices is studied in
Section IV. Section V analyzes the effect on PWM voltage and
ac current distortion, where a modulation compensation method
and a distortion model are thereafter proposed. Experimental re-
sults to verify these effects from the three aspects are given in
Section VI. Finally, Section VII concludes this paper.

II. EXTRA JUNCTION CAPACITANCES AND COMMUTATION

LOOPS IN THREE-LEVEL AC/DC CONVERTERS

A. Vienna-Type Rectifiers

Three widely used Vienna-type rectifier variants, as shown in
Fig. 1, are analyzed in this section.

Owing to the simplicity in its topology structure, variant (c)
will be studied first, and only a positive half line cycle is il-
lustrated in Fig. 2 for brevity. In the traditional analysis, the
switching commutation takes place between S1 and D1 . At the
turn-ON transient, when the gate voltage passes the gate thresh-
old, S1 channel starts to conduct and channel current increases.
Then, the phase current is commutated from D1 to S1 . Once this
commutation ends, D1 is blocked. And junction capacitance
CD1 of D1 is charged by dc bus through S1 channel, where
output capacitance Coss of S1 is discharged.
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Fig. 3. Ideal waveforms of three junction capacitor voltages and the
discharging current of the line-frequency switch during the turn-ON transient
of the main switch.

However, the missing part is when Coss is discharged from
VDC /2 to 0, the terminal voltage vC D2 also drops from VDC
to VDC /2, as illustrated in Fig. 3. Therefore, the joint junction
capacitance CD 2 of the bottom diode D2 will be discharged by
the channel resistance of S1 . Since this path does not conduct
load current for a half line cycle, it was unnoticed in the prior
work.

The root cause of this effect is that there are three switching
branches (positive branch, neutral branch, and negative branch)
in the phase leg of three-level converters which forms a T
connection, instead of the two positive and negative branches
formed by the switch/switch (S-S) or switch/diode (S-D) pair
in two-level converters. Consequently, in each half line cycle,
although the complementary branch does not conduct, the junc-
tion capacitance of this branch is still charged or discharged as
long as it has a switching potential. This capacitance can be re-
garded as a parallel output capacitance across the active switch
from the ac signal perspective if assuming the dc-link capacitor
is shorted.

The similar analysis is carried out on the other two variants
(a) and (b). The extra capacitances involved in the commutation
from the positive level to the neutral level are marked in red in
Fig. 4(a) and (b), respectively. For variant (a), if the structurally
undefined voltage stress for DLF 1– and DH F – can be balanced
at half VDC with the proper balance design [28]–[30], the volt-
age of DH F – will maintain at VDC /2, whereas the voltage of
DLF2−− maintains at 0 V during the S1 turn-ON transition. As
a result, CLF – and CLF 2+ are discharged from VDC /2 to 0 V
via the main switch S1 , respectively. Therefore, these are the
capacitances in addition to junction capacitances of the main
switching devices S1 and DH F + .

Similarly, for the variant (b), S1 and S2 share the same gate
signal, and the voltage stress of DLF – and DH F – can be bal-
anced. The voltage of DH F – is maintained at VDC /2 in the
designated current flow direction, whereas the voltage of S2
maintains at 0 V during the S1 turn-ON transition. The junction
capacitance CLF – of DLF – forms an extra Coss capacitance to
the main switch S1 .

B. T-Type Converter

Fig. 5 shows a phase leg of the T-type 3L converter. Because
of the replacement of two diodes with active switches from

the Vienna-type rectifier, commutation of the T-type converter
can be current independent and in four quadrants. However, the
similar capacitance effect can still be observed. Transitions from
the positive level to the neutral level in both the rectifier mode
and the inverter mode are analyzed as examples. In both cases,
in addition to the conventional switching loop marked in blue,
another discharging path from the junction capacitance Coss2
of the non-active S2 to the channel of the neutral switch SN1 is
concurrent, as illustrated in red.

C. I-Shaped 3L Converters

I-shaped phase leg based 3L converter is widely applied. One
of the commonly used topologies is the NPC converter. It is
also worth noting that the variants (a) and (b) of Vienna-type
rectifiers also belong to this category, although they have been
discussed under the group of Vienna-type.

1) Diode NPC Converters (DNPC): The modulation
schemes and switching commutation loops of DNPC have been
extensively studied [23], [24]. As shown in Fig. 6, taking the
positive half line cycle as an example, in the unity power factor
(PF = 1) case, i.e., the first quadrant, the outer switch S1 and
clamping diode Dp are operated at high frequency (HF), and
S2 is fully ON to form the positive level and neutral level in the
positive half line cycle (i.e., outer mode).Whereas, the S4 and
Dn are fully OFF. In the PF =−1 case, i.e., the second quadrant,
when the phase current flows into the converter, the inner switch
S1 /D1 and S3 are switched at HF to synthesize the positive level
and neutral level, respectively (i.e., inner mode), whereas S2 and
S4 /D4 are fully OFF and will be active in the other half line cycle.

There are also device junction capacitances and commutation
paths missed in the prior analysis. Assuming PF = 1 operation
in the first quadrant with the outer mode modulation, in addition
to the well-studied commutation loop as marked in blue, an
additional loop exists as shown in red. During the S1 turn-ON

transient, the switching node voltage on the drain of S3 increases
from VDC /2 to VDC , therefore, Coss of the blocked switches
S3 and S4 as well as Cn of the clamping diode Dn will be
also charged, forming extra output capacitances across the main
switch S1 .

This is also seen in the PF = –1 operation with the inner mode
modulation, as shown in the second quadrant of Fig. 5. Since
the voltage of S4 remains at VDC /2 before and after the turn-ON

transient of S3 , thanks to Dn clamping, Coss4 and Cn do not
contribute to extra Coss. However, since the voltage across Dp

decreases from VDC /2 to zero during the transition, an additional
junction capacitance and a switching loop are introduced by Dp ,
as marked in red.

To summarize, based on the observation and analysis, the
outer mode modulation of the NPC that was previously be-
lieved to have a short switching loop can introduce extra
charged/discharged junction capacitances and another longer
commutation loops from the complementary branch during
the switching commutation, whereas the inner mode that was
previously believed to have a larger main commutation loop
owing to the extension of the switching loop into the comple-
mentary branch has no extra junction capacitances from the
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Fig. 4. Commutation loops with extra capacitance involved in Vienna-type three-level rectifier variant (a) and (b), illustrated in red.

Fig. 5. Commutation loops with extra capacitance involved in T-type three-level converter. (a) Rectifier mode. (b) Inverter mode.

Fig. 6. Commutation loops with extra capacitances in DNPC with the four-quadrant operation. (Third and fourth quadrants not shown.)
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Fig. 7. Theoretical turn-ON transient of the active neutral device in a three-
level converter.

complementary branch but additional capacitances and another
shorter commutation loop. Since PF = 1 condition only operates
in the outer mode, PF = −1 condition only operates in the inner
mode, and other PF operations have the mixed modes [23], the
analyzed general effects will be exerted on the DNPC in a mixed
manner and to different degrees as PF varies.

2) Active NPC Converters (ANPC): Because of the flexibil-
ity in controlling the clamping switches, ANPC has more free-
dom in modulations. Two conventional modulations are sum-
marized in [23], i.e., the outer mode modulation and inner mode
modulation applicable for all four quadrants and all PFs. An im-
proved modulation was also proposed in [23], which is equiv-
alently a combination of the inner mode and the outer mode.
Since all schemes are rooted in the two basic modes in DNPC,
the aforementioned effects and conclusions are also applicable
for these different modulations in ANPC. Detailed analysis of
the effect on device stress is provided in Section IV.

III. IMPACT ON SWITCHING LOSS AND NEW

CALCULATION METHOD

The existence of the above-mentioned extra commutation
loops and device capacitance inevitably introduces switching
loss to all types of three-level converters. The first part of the
additional loss is the Coss static energy stored on the non-active
device and dissipated during the turn-ON of the active device,
as illustrated by charge Qoss static in Fig. 7, where Qoss active and
Qoss syn are the charge of active and synchronous switches, re-
spectively. The second part is overlap loss caused by the in-
creased duration of saturation region tvf sat due to this extra

charge at turn-ON and turn-OFF. Due to the near-zero voltage
drop in the ohmic region, the overlap loss during tvf ohimc is
negligible [35].

In the prior study, the loss analysis was only conducted on
the S/S or S/D switching pair using the two-level half-bridge
model per each half line cycle. And the loss estimation also
directly employed the energy obtained from the traditional
half-bridge DPT.

To achieve correct loss calculation, a straightforward solution
is to build a DPT phase-leg with a three-level structure, instead
of the half-bridge. However, this requires two dc power supplies,
two bulky energy storage capacitors with balanced voltage, and
a full revision of the widely adopted two-level DPT set up.
Moreover, Eon /Eoff data of commercial devices are all based on
two-level DPTs.

To facilitate the loss calculation taking into account the ex-
tra loss, a method combining device Coss information and the
conventional DPT data is proposed.

A. Coss Loss Calculation

The additional Coss energy loss Eon Coss extra contributed by
the non-active device per half line cycle can be calculated in (1)
as its voltage vcoss static increases from VDC /2 to VDC , using the
Vienna-type rectifier in Fig. 2 as an example. Here, Ts and Ton
denote the switching cycle and turn-ON interval, respectively

Eon Coss extra =
∫ Ts +To n

Ts

(vCoss static − VDC/2) · i · dt

=
∫ VD C

VD C /2
vCoss static ·C(vCoss static)dvCoss static

− Vdc/2
∫ VD C

VD C /2
C(vCoss static)dvCoss static .

(1)

If defining the energy equivalent capacitance Ceq,E for this
three-level case as

Ceq,E =

∫
V D C

V D C / 2
vds ·C(vds)dvds

1
2 VDC

2 . (2)

Equation (1) can be reformatted as

Eon Coss extra =
1
2
Ceq,E ,Coss static

(
VDC

2

)2

− VDC

2
Qoss static

(3)

where Ceq,E ,Coss static is the energy equivalent capacitance of
Coss static and can be calculated from the device voltage-
dependent capacitance curve on its datasheet.

B. Overlap Loss Calculation

The overlap energy loss Eon overlap under a given load current
level IL is simplified as in

Eon overlap = Eon cr + Eon vf ≈ 1
2
(tcr + tvf sat)VDSIL .

(4)
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Here, Eon cr is the overlap energy during the current rising
time tcr and Eon vf is the overlap energy during the voltage
falling interval tvf sat in the saturation region. Although people
tend to calculate this time from gate circuitry, it is favorable to
revisit the derivation from the output junction capacitances as
the gate charging and Coss discharging conduct simultaneously
during the device saturation region. As will be analyzed, tvf sat

can be strongly impacted by the extra Coss . Therefore, additional
Coss not only increases the Coss-type loss, but also indirectly
enlarges the overlap loss.

For devices with non-flat gate voltage vgs in the Miller plateau
region, such as GaN or SiC WBG devices, the total displacement
charge in the phase leg of the three-level converter Qoss T is the
sum of three device junction capacitances per phase leg, and
can be derived based on the shaded triangle area of the ichan–t
curve in Fig. 7. Since the device channel current ichan in the
current rising region and saturation region is determined by the
gate voltage as in

ichan = gf s(vgs − vth) (5)

where gfs is the average transconductance of the device and vth
is the gate threshold voltage, the slope of ichan can be calculated
from the derivative of (5).

Then, it is easy to obtain the Qoss T as in

Qoss T = Qoss syn + Qoss active + Qoss static

=
1
2
gf s

dvgs

dt
tvf sat T

2 (6)

where tvf sat T denotes the voltage falling period of the main
active device in the three-level phase leg during the saturation
region.

Whereas for Si devices, the flat Miller plateau effect should be
considered and the reverse recovery charge should be excluded.

From (6), the overlap time is proportional to the root square
of the displacement charge as in

tvf sat T =

√
2Qoss T

gf s
dvg s

dt

∝
√

Qoss T . (7)

Therefore, the overlap energy Eon vf T of the three-level
phase leg in the saturation region can be scaled by the ratio
of total displacement charge in three-level phase leg and in
two-level phase leg, from the overlap energy Eon vf H of the
two-level DPT, given as follows:

Eon vf T =

√
Qoss T

Qoss H
· Eon vf H (8)

where Qoss H is the total Coss of the two-level half-bridge leg
or DPT and the subscript “T” and “H” denote three-level and
two-level, respectively.

Note that Eon vf H is, however, difficult to be directly mea-
sured from DPT. An intrinsic relationship between the switching
energy and DPT data is first established in the following section,
which is the key to realize the loss scaling scheme.

C. Intrinsic Relationship Between Switching Energy
and DPT Data

From Fig. 7, the current rising time tcr can be also derived in
(9), in addition to the overlap time in (7)

tcr =
IL

gf s
dvg s

dt

. (9)

Thus, based on (4), (7), and (9), the total turn-ON switching
energy in a general bridge set up can now be expressed as

Eon = Eon cr + Eon vf + ECoss total

=
VDS

2
1

gf s
dvg s

dt

I2
L +

VDS

2

√
2Qoss

gf s
dvg s

dt

IL + ECoss total

(10)

where ECoss total consists of both the Coss energy stored in the
main active device and the energy stored in the synchronous
device during the turn-OFF of the main active device.

As well known, the measured energy loss Eon DPT and Eoff DPT

data from the conventional DPT can be typically curve-fitted
well by a quadratic function

{
Eon DPT = k1I

2
L + k2IL + k3

Eoff DPT = k4I
2
L + k5IL + k6

(11)

where k1∼k6 are curving-fitting coefficients.
By matching the two types of expressions, an interesting

and important relationship hidden between the physical device
parameters and measured data is revealed

⎧⎪⎨
⎪⎩

Eon cr = k1I
2
L = Eon cr DPT

Eon vf = k2IL = Eon vf DPT

ECoss total = k3 + k6 =
∑

ECoss DPT

(12)

where the measured constant k6 in the turn-OFF transient rep-
resents Coss energy of the active device dissipated during the
next turn-ON transient, thus is added to ECoss total. The subscript
“DPT” indicated the energy loss of the DPT.

From (12) and (8), the total overlap energy Eon vf T of the 3L
phase leg can be finally scaled from the linear term Eon vf DPT

(i.e., Eon vf−H ) of the two-level half-bridge DPT result. And
the added overlap energy introduced by the non-active device is
the difference between Eon vf T and Eon vf H .

D. Discussion

For the turn-OFF transient, the actual overlap loss excluding
the Coss energy should also be considered. However, for Si
MOSFET or WBG devices, this loss is often quite low compared
to the actual turn-ON loss, such that the extra turn-OFF overlap
loss caused by the displacement charge of the non-active device
becomes further smaller. Therefore, this overlap loss could be
omitted to simplify the method.
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The final switching loss Psw of the upper half or bottom half
of the ac/dc three-level phase leg would be

Psw =
1
T0

∫ T0 /2

0

(
k1 · iL 2 + k2 · iL ·

√
Q o s s T

Q o s s H

+k4 · i2L + k5 · iL

)
· fs · dt

+ (k3 + k6 + Eon Coss extra) · fs (13)

based on the two-level DPT data, where iL is the instantaneous
phase current, and T0 is the line period.

Although the presented analysis and proposed method are
conducted on a Vienna-type 3L converter, they could be applied
to other 3L converters as well.

In general, for fast switching speed WBG device and
CoolMOS-based 3L converters, the power loss impact of non-
active devices on the active switch is mainly reflected by the
extra Coss-type loss instead of the extra overlap loss due to the
superfast overlap transition. This part of loss can be as high as
17% of the total switching loss as given later in the experiment.
Whereas for low-speed Si MOSFET or IGBT-based 3L converters
with typical 5∼10 V/ns dv/dt instead of 100 V/ns above dv/dt
of WBG devices, the loss effect will be mainly shown as extra
overlap loss due to the significantly longer switching transition
and relatively lower Coss-type loss.

IV. IMPACT ON DEVICE STRESS

In an actual converter, stray inductance from device package,
PCB trace, and power switching loop can resonate with the
junction capacitances of the devices in a bridge configuration,
leading to higher current stress of the active device and higher
voltage stress of the synchronous device during the turn-ON, and
higher voltage stress of the active device during the turn-OFF.

A. Overvoltage Due to Additional Loop Inductance

Different from the traditional analysis that only considers the
stray inductance in the half-bridge configuration, this paper will
focus on the added stray inductance associated with the non-
active device in 3L converters. Because of the participation of
the non-active devices in the switching commutation and the
extra power loops in parallel to the main commutation loop,
an additional LC resonance occurs due to the added Coss and
loop inductance, imposing higher voltage stress on the non-
active devices in the T-shaped/I-shaped phase leg of three-level
converters. This is particularly severe when using high-speed
power devices, where significant dv/dt is the main excitation
source for the LC resonant tanks.

The high device stress is more significant in the I-shaped
three-level phase leg such as in Vienna-type variant (a), (b), and
NPC converters, compared to the T-shaped three-level phase leg
used in Vienna-type variant (c) and T-type ac/dc converters.

This is mainly because the power loops in the T-shaped con-
verters are usually carefully laid out in the PCB design stage, as
both the positive and negative power loops are high-frequency
switching loops for a half line cycle. Whereas, for the I-shaped
phase leg, extra commutation loops are introduced via the line-
frequency diodes or switches. Since they were regarded as

Fig. 8. Mode analysis for multi-commutation loop during positive cycle.
(a) Steady-state when Vx = 0. (b) Switching transition from Vx = 0 to
Vx = 0.5 VDC. (c) Steady-state when Vx = 0.5 VDC.

Fig. 9. Overvoltage analysis of the line-frequency switch S3 in ANPC phase-
leg during the turn-on transient of the main switch S1 . (a) State trajectory of
current and voltage in the extra commutation loop. (b) Voltage ringing and
resonance spike.

non-critical loops in the past and overlooked, surprisingly high
additional loop inductance could be introduced.

To illustrate this effect, an example is given based on the
ANPC inverter. From the conventional analysis, ANPC also has
two types of main power commutation loops, depending on
whether it is in the outer mode or the inner mode. The outer
mode is often considered superior to the inner mode under high
switching frequency operation in terms of switching loss and
device voltage stress [21], since its main commutation loop
formed by switches S1 , Sp , and decoupling capacitors is much
shorter than that of the inner mode.

However, even for the outer mode, a long commutation loop
exists due to the effect from the non-active switches [36]. Fig. 8
shows a mode analysis of the multi-loops during a positive
half line cycle. First, Sp is turned OFF, and the load current is
transferred to the freewheeling diode of Sp . Then, S1 is turned
ON and commutates this load current. Once the load current is
fully commutated to S1 , the decoupling capacitor discharges the
junction capacitance of S1 and charges the junction capacitance
of Sp . In the meantime, the junction capacitance of the non-
active switch S3 is also charged from 0 V to VDC /2, since it is
paralleled with Sp via S2 and Sn . And a long commutation loop
is also formed via the switches S1 , S2 , S3 , Sn , and the dc-link
decoupling capacitor, as marked in red in Fig. 8(b).

For this additional commutation loop, a resonance occurs
between the loop inductance Ld1 + Ld2 and the Coss of S3 ,
following two preceding intervals during the turn-ON transient
of the main active switch S1 : first, the load current IL is fully
commutated from synchronous switch Sp to S1 ; and second, S2
voltage is charged by the dc bus via S1 channel until it reaches
0.5 VDC . The first resonant cycle can be illustrated by the state
trajectory of the stray inductor current iLs and Coss voltage
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Fig. 10. Simplified equivalent circuit of the resonance tank during the turn-on transient of the main switch S1 .

vCoss3 of S3 , as given in Fig. 9. The first and highest voltage peak
appears when iLs returns to IL level, indicating the inductive
energy stored by the loop inductance is fully transferred to
Coss of the non-active device S3 . Assuming the first resonance
amplitude of vCoss3 is Vm , and the resonance amplitude of the
excitation voltage generated by the turn-ON switching action
of S1 is Vs , a simplified equivalent circuit can be obtained, as
shown in Fig. 10. Here, the impact of the original Ld1 loop is
neglected to simplify the analysis. Further in-depth analysis of
this multiloop transient itself could be an interesting research
topic in the future.

From the frequency domain circuit analysis, a simple rela-
tionship is held at the resonance frequency

Vm =
Vs

ESR
Z0 =

Vs

ESR

√
Ld1 + Ld2

Coss3
(14)

where ESR is the total loop resistance and Z0 is the characteristic
impedance of the resonance tank.

Therefore, the overvoltage stress is proportional to the root
square of the loop inductance. And the previously unnoticed
loop could be poorly laid out on the PCB and may introduce
high device overvoltage.

From simulation results in Fig. 11 using the Pspice-based
behavior model of Wolfspeed C3M0065090J devices under
1000 VDC voltage, S3 and Sp will suffer the same voltage
spike during the turn-ON transition of S1 , assuming the longer
commutation loop inductance is Ld2 = 0. However, once Ld2
is not zero, the voltage spikes of two devices become signifi-
cantly different, as shown in Fig. 11(b). A resonance is formed
by the inductance of the long commutation loop and junction
capacitance of S3 . Consequently, the non-active switch S3 suf-
fers a much higher voltage spike in the positive half line cycle
compared to the switch Sp . This could be even worse as Ld2
increases.

B. Overvoltage Mitigation

To alleviate this effect, the basic principle in (14) can be
applied to derive different approaches.

1) Reduce excitation source Vs : By slowing down the device
turn-ON speed, lower ac source Vs is achieved and results
in lower Vm . The common approach is to increase the gate

resistance, however, at the expense of increased overlap
switching loss.

2) Increase ESR: By increasing the ESR in the power loop,
ringing voltage Vm can also be reduced. The typical ap-
proaches include inserting a damping resistor and in-
serting a ferrite bead in the power loop. Although both
will introduce power loss, the ferrite bead has lower dc
loss and higher ac resistance at the resonance frequency
thus shows the better damping performance and relatively
lower loss. However, choosing a proper bead is compli-
cated and should be wary due to the frequency-dependent
impedance characteristics of the bead and its involvement
in the switching dynamics along the wide frequency range.

3) Increase resonance capacitance: On the other hand, adding
the snubber circuit can increase the resonance capacitance,
thus also reduces the Vm . However, snubbers slow down
both the turn-ON and turn-OFF transitions, leading to high
switching loss especially for high switching frequency
converter design.

4) Reduce loop inductance: Therefore, the most straight-
forward and effective way is reducing the loop induc-
tance, which has the least side effect on switching loss.
The loop inductance includes the series inductance from
the device leads or package, self-partial inductance from
PCB traces, and mutual-partial inductance from the loop
area [37], as well as the serial inductance of dc-link ca-
pacitors, which is often minimized by paralleling low-
profile surface mount ceramic decoupling capacitors next
to switches. The mutual-inductance is negative and in-
versely proportional to the distance between loop traces
[37], therefore, shrinking the loop area will maximize this
inductance and reduce the total loop inductance. The key
factor is the power PCB layout.

In fact, the additional loop could become a potential haz-
ard to three-level converters mainly because its participation in
the switching commutation was not noticed before. Once the
component placement and power trace arrangement are care-
fully considered in the first place, this effect will be less se-
vere. Table I shows the loop inductance comparison from two
different types of PCB layouts, all for ANPC inverters, based
on ANSYS Q3D parameter extraction from the actual power
PCB files, where the switches and dc-decoupling capacitors are
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Fig. 11. Overvoltage in the simulation. (a) Ld1 = 1 nH, 5 nH, 10 nH, and Ld2 = 0 nH. (b) Ld1 == 5 nH and Ld2 = 5 nH, 10 nH, and 20 nH.

TABLE I
COMPARISON OF JUNCTION CAPACITANCE, LOOP INDUCTANCE,

AND VOLTAGE STRESS BETWEEN TWO ANPC LAYOUTS

replaced by a copper bar. The first design was conducted when
the presented non-active device effect had not been known. Its
additional loop inductance is surprisingly high, 57.5 nH,
whereas the improved design optimizes the layout to minimize
the additional loop associated with the line-frequency devices,
and the inductance has been reduced to 12.4 nH.

The physical layout schemes for the two cases are illus-
trated in Fig. 12. The original design places two line-frequency
switches next to the four high-frequency switches following a
traditional structure similar to the structure of the circuit diagram
drawing. Consequently, a large loop area is encompassed by the
two low-frequency devices and two high-frequency devices,
whereas the improved design places the four high-frequency
switches and two line-frequency switches of the phase leg in the
same line. Hence, the horizontal area of the line-frequency loop
is also minimized in addition to the well-known high-frequency
switching loop. To realize this layout, the device package has
been changed from the surface mount D2PAK package to the
lead-through package to mitigate conflicts between the device
physical space and the minimal lateral loop target. In addition,
the interconnection of power devices is through the multi-layer
trace placement, following the widely adopted vertical layout
scheme. The trace width shall be maximized within the given
layout space to further reduce the loop inductance [38].

V. IMPACT ON PWM VOLTAGE AND AC CURRENT DISTORTION

A. Coss Induced Distortion

The fast switching intensifies the effects of parasitics on
switching commutation, negatively affecting power quality of

Fig. 12. PCB layout schemes for outer mode modulated ANPC phase-leg.
(a) Original layout without considering the extra loop effect associated with the
line-frequency switches. (b) Improved layout with minimized lateral device-
placement and vertical trace-placement to reduce the extra loop inductance.
(Green lines depict the additional loop.)

the power converter. For example, when ac/dc converters are
operated at high switching frequency, non-ideal commutation
can cause severe voltage distortion such as the slow transition
during device turn OFF due to the charging of device junction
capacitances [9], [39].

Higher switching frequency exacerbates the voltage distortion
as a result of a shorter switching period. And it gets even worse in
switch-diode configured converters, such as three-level Vienna-
type rectifiers. Taking the Vienna-type variant (c) in Fig. 13 as
an example, similar to previous analysis for the turn-ON transi-
tion, during turn-OFF in the positive half line cycle, CD2 of the
non-conducting diode D2 is also charged from 0.5 VDC to VDC ,
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Fig. 13. Illustration of voltage and current distortion in a three-phase Vienna-
type rectifier due to the PWM loss caused by charging of device junction
capacitances at turn-OFF.

in addition to the charging of the output capacitance of the ac-
tive switch from 0 V to 0.5 VDC and the discharging of junction
capacitance CD1 from 0.5 VDC to 0 V. Therefore, CD2 should
also be included. However, these instantaneous capacitances are
different for each device during the transient, because they are
nonlinear and voltage dependent.

According to [9], it is effective to use the charge-based equiv-
alent capacitance to represent the nonlinear voltage-dependent
total junction capacitances Ctotal(vx) of the three T-connected
devices, since this capacitance determines the total voltage
ramping and charging interval expressed as follows:

tcharge =
∫ Vx p k

0
dt =

∫ Vx p k

0 Ctotal(vx)dvx

iph
=

Vx pkCeq,Q

iph

(15)

where Ceq,Q is the charge-based equivalent output capacitance
over the voltage range [ 0, Vx pk ] for the three T-shaped con-
nected devices per phase-leg.

From the above-discussed analysis, the added Coss not only
impacts the switching loss and device stress in the extra power
loop but also introduces extra distortion on ac PWM voltage
and ac current. It is interesting to notice that for loss evaluation,
energy-based equivalent Coss should be adopted, and for the
device overstress analysis, instantaneous and voltage-dependent
Coss should be the choice, whereas for distortion evaluation and
compensation, the charge-equivalent Coss should be used.

B. Distortion Compensation

Since the average of the ideal PWM voltage over a switching
cycle represents the average fundamental voltage, the distortion
voltage due to the slow charging process introduces volt–second
loss. From this perspective, a feedforward turn-OFF compensa-
tion scheme can be applied [9], to reshape the actual PWM
voltage such that the compensated PWM voltage has the same
volt–second as the ideal case. A simple approach, as shown in
Fig. 14 is to equalize the two-shaded volt–second areas, since the
remaining areas are commonly shared. The compensated duty
cycle Δd for both sinusoidal PWM (SPWM) and SPWM+third

Fig. 14. Two voltage distortion cases associated with different current level
and the proposed turn-OFF compensation scheme considering the voltage shape
before and after compensation. The dashed line shows the ideal PWM voltage,
the solid black line shows the actual uncompensated turn-OFF voltage, and the
red line shows the compensated voltage based on the shaded volt–second area.

schemes is unified in (16), with the only difference in a phase-
angle related factor α [9]. In (16), dth denotes the boundary
turn-OFF duty cycle represented by d, and Rtarget represents the
equivalent input impedance of PFC

Δd =

⎧⎨
⎩

R t a r g e t C e q , Q

2Ts

α(θ)
d , (d ≥ dth)√

2R t a r g e t C e q , Q

Ts
α(θ) − d, (d < dth).

(16)

C. Distortion Modeling and Quantification

This presented approach not only compensates the current
distortion, in fact, it can also be exploited to form an analytic
model for output PWM voltage distortion as a function of dc-
link voltage, ac operation point, device junction capacitances,
and switching frequency. The impacts of these variables can all
be predicted through this model without running simulation or
experimental tests.

The voltage distortion can be evaluated from the ratio of total
distorted voltage (TDV ) to fundamental main voltage, which
can be easily derived as (17), based on the fact that duty cy-
cle compensation term equalizes to the distorted duty cycle. Its
relationship with total distorted harmonic voltage (THDV ) is
given in (18). The only difference is that the fundamental com-
ponent ΔV1 of the compensation term ΔVRMS is not regarded
as harmonic voltage

TDV =
ΔVRMS

V1 RMS
=

ΔdRMS

dRMS
=

ΔdRMS

M/
√

2
(17)

THDV =

√∑
h=2 V 2

h

V1 RMS
=

√
ΔV 2

RMS − ΔV 2
1

V1 RMS

=

√
TD2

V −
(

ΔV1

V1 RMS

)2

. (18)

Current distortion, on the other hand, as illustrated in Fig. 15,
is not only determined by voltage distortion but also impacted
by the filter’s frequency-dependent impedance. Moreover, for
three-phase three-wire converters, the current of one phase is
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Fig. 15. Illustration of the harmonic current derivation based on superposition
law in a three-phase converter. (a) Current flow in the three-phase equivalent
circuit. (b) Considering individual phase using superposition law.

also determined by the voltage of other two phases. Meanwhile,
it is noticed that the current feedback controller also partially
suppresses the harmonics, depending on controller bandwidth
and control gains at specific harmonic frequencies. Nonethe-
less, the harmonic current induced by phases b and c on phase
a, i.e., Δib,a and Δic,a can be derived via the superposition
law

Δia = Δia,a − Δib,a − Δic,a =
Δva − 0.5(Δvb + Δvc)

1.5ZL

=
0.5 Vdc (Δda − 0.5(Δdb + Δdc))

1.5ZL
. (19)

Let

Δda,eq = Δda − 0.5(Δdb + Δdc). (20)

For any phase, its current THD can be derived as a function
of Δdeq

THDI =

√∑
h=2 Δi2h
I1

=

√∑
h=2 (VdcΔdeq,h)2/(3 · 2πf0hL)2

I1

=
Vdc

6πf0LI1

√∑
h=2

(Δdeq,h/h)2 . (21)

It should be mentioned that the distortion term itself con-
strains all odd harmonics, as shown in Fig. 16. However, 3k (k is
a non-zero integer) order harmonics are all removed due to the
three-wire setup. And the fundamental distortion component
should also be removed because the feedback control has al-
most zero error tracking for the fundamental current. Moreover,
it is up to the users to determine whether the partial rejection
from the feedback control should be considered for the fifth or
seventh, depending on the specific control bandwidth and line
frequency. In fact, from (21), although it seems high f0 reduces
the current THD, the dropped ratio of control bandwidth/f0 , on
the other hand, reduces the harmonic rejection capability of the
feedback control, leaving THDi more dependent on the voltage
distortion. It is also clear that the lower order current harmonics
contribute more than the higher order harmonics due to higher
Δdeq,h/h.

Fig. 16. Distorted duty cycle. (a) Duty cycle waveform. (b) Harmonic spectra
of the distorted duty cycle.

Fig. 17. Modeling of the turn-OFF distortion versus switching frequency for
three-phase Vienna-type converters. (a) Modeled terminal voltage distortion
versus fs . (b) Modeled ac current distortion versus fs .

As an example, the theoretical impacts of switching frequency
on voltage and current distortion in a Vienna-type rectifier, are
illustrated in Fig. 17. For the given device and operation condi-
tion, only when the switching frequency is above 100 kHz, this
distortion gets pronounced. Please notice that in the subject de-
sign case, the theoretical current THD without compensation is
relatively high, since the fundamental current is quite low, only
4.3 Arms . And the result here also excludes the effect of par-
tial harmonic rejection from the current controller in an actual
converter.
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Fig. 18. Photos of a 650-VDC GaN-based three-phase Vienna-type rectifier.
(a) Power stage. (b) Three ac input boost inductors.

Fig. 19. Comparison of the calculated device losses with and without
correction of the disclosed effect in a Vienna-type rectifier. (Actual turn-OFF

loss is negligible.)

VI. EXPERIMENTAL VERIFICATION

A. Switching Loss Impact in Vienna-Type Rectifier

A Vienna-type rectifier variant (c) has been built to verify the
loss impact, as shown in Fig. 18, where each phase leg consists
of two 650-V anti-series connected GS66508P GaN devices to
from the directional switch and two 1200-V Cree SiC diodes.

The calculated switching losses without and with consider-
ing the identified effect are 47.5 and 55.6 W, respectively, as
indicated in Fig. 19, under 450 kHz, 115 Vrms , 650 VDC , and
1.5 kW power, based on Eon and Eoff data from a conven-

Fig. 20. Measured converter losses under the experimental condition 1.5 kW,
450 kHz.

Fig. 21. Turn-ON switching loss breakdown.

tional half-bridge DPT reported in [27]. The energy equivalent
junction capacitances of GaN device and two diodes are also
derived for this estimation. Additionally, associated loss from
heatsink coupled capacitances and other minor losses are in-
cluded in both cases as the baseline. As clearly shown, the pure
turn-OFF loss is very small, confirming the validity of ignoring
its extra loss from the capacitance of the non-active device.

The actual power loss of the converter was measured using
Yokogawa power analyzer PZ4000 and given in Fig. 20. It is
evident that the predicted total switching loss after adding the
extra Coss is 55.6 W, very close to the actual switching loss
55.2 W, and the impact from the non-active device is 8.1 W.
Further breakdown of the turn-ON switching loss is given in
Fig. 21 including the Coss loss of active GaN devices, the high-
frequency synchronous diodes, and non-active diodes, and the
overlap loss, where the extra overlap loss introduced by the
non-active diodes is only 1.0 W, whereas the extra Coss loss is
7.1 W.

B. Overvoltage Impact in ANPC Inverter

The overvoltage stress effect is verified in a SiC MOSFET based
ANPC prototype, operated at 1-kV/10-kW/280-kHz switching
frequency, as shown in Fig. 22. Two versions of PCB layout
designs are tested. In the original design as given in Fig. 12(a),
without considering the additional commutation loop effect,
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Fig. 22. Prototype photo of SiC MOSFET based 3L-ANPC.

Fig. 23. High device overvoltage observed in pulse test with original power
loop layout at 1-kV dc bus voltage.

Fig. 24. Device overvoltage observed in ANPC continuous operation with
improved layout at 1-kV dc bus voltage.

57.5-nH loop inductance associated with the line-frequency
switch S3 is introduced and its voltage spike is up to 920 V,
as given in Fig. 23. Due to the 84% higher voltage spike com-
pared to its 500-V steady-state voltage, the device switching
speed has to slow down to safely operate the converter at the
rated bus voltage.

With the improved PCB layout as shown in Fig. 12(b),
the commutation loop inductance associated with the line-
frequency device has been reduced to 12.4 nH, more than four
times drop. Consequently, the maximum overvoltage of the line-
frequency switch S3 over a line cycle has decreased to 695 V, as
shown in Fig. 24. And its alleviated drain-source voltage reso-
nance is clearly shown in a zoomed-in waveform recorded at an
arbitrary phase angle, as given in Fig. 25.

Fig. 25. Zoomed-in switching transient with improved layout at 1-kV dc bus
voltage.

Fig. 26. Experimental waveforms of voltage distortion. (a) Before zero
crossing. (b) After zero crossing.

Fig. 27. Experimental comparison of current quality with and without the
proposed compensation scheme at 450 kHz, 115 Vrm s , and 600 VDC . (a) ib
and ic current without compensation. (b) ib and ic current with compensation.
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C. AC Voltage/Current Distortion and Compensation
in Vienna-Type Rectifier

The effect on PWM voltage distortion by the Coss charging
at the turn-OFF transient of the Vienna-type rectifier is given in
Fig. 26, indicating that the worst distortion indeed appears at
the zero crossings of the ac input current.

Without voltage error compensation, an obvious distortion
was observed in the input currents, consisting of 6 k ± 1-order
harmonics due to the significant distortion around six zero cross-
ings of the three phases, as shown in Fig. 27. After applying the
proposed scheme, those harmonics were significantly reduced,
and the current THD drops from 10.3% to 3.0%.

VII. CONCLUSION

This paper identified extra junction capacitances and com-
munication loops caused by non-conducting devices in each
half line cycle. Their impacts on switching loss, device stress,
and converter voltage/current distortion on different types of 3L
topologies are analyzed. The extra switching loss is dominated
by the Coss-type loss for high-speed WBG device based convert-
ers, whereas the overlap-type loss might also be considerably
high if using low-speed devices. This highlights the necessity
of three-level phase leg DPT aiding the future 3L converter
design. The proposed loss estimation through traditional DPT
data successfully predicts 17% extra switching loss, providing
an efficient way to correct the 3L converter loss for sufficient
thermal design. The likely 100% or even higher device over-
voltage induced by the extra communication loops has urged
caution and requirement on optimal power loop layout in high
switching speed 3L converters. An improved PCB layout for an
ANPC converter has achieved four times reduction of this loop
inductance and 50% reduction of the device overvoltage. Exac-
erbated ac voltage/current distortion due to Coss charging during
turn-OFF or dead time transition further affects converter power
quality of 3L topologies, especially for phase-leg with diode-
switch-diode configuration and for high switching frequency
applications. Presented modeling and compensation methods
have set an example in evaluation and mitigation of this impact,
reducing THD from 10.3% to 3.0%. The analytical modeling
of the THD as a function of switching frequency and dc bus
voltage can help optimize the converter parameter selection.
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