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Abstract—A >99.5% efficient grid-tied inverter with peak
values of 30kW power, 13.7kW/L volumetric power density,
10.17kW/kg gravimetric power density, and 1.2MHz switching
frequency is proposed in this paper. This union of high effi-
ciency and high power density is achieved through a unique
combination of technologies and is maximally leveraged through
an ηρ optimization. The first is a variable frequency critical
soft-switching (VFCSS) scheme that allows the converter to
maintain soft-switching over all permissible load conditions. This
enables a simultaneous increase of the switching frequency and
a decrease of the inductance without penalizing efficiency. The
second technology is an additional capacitance placed across the
drain-source terminals of each FET. This can allow for over a
40% reduction in turn-off losses at the expense of an increase
in the required dead time. The last technology is a simple open-
loop duty cycle compensation scheme that effectively mitigates
the distortion caused by the combination of high switching
frequencies and large dead times. An ηρ optimization process
with its associated volume and loss estimations are provided. A
brief discussion on the control of the converter is shown followed
by a description of the constructed physical prototype. Lastly,
experimental results showing efficiency, rated power operation,
total harmonic distortion, and transient load steps are provided
for a grouping of different grid voltages.

Index Terms—AC/DC, Power Converter, Inverter, SiC, Density,
Efficiency.

I. INTRODUCTION

H Igh performance Electric Vehicles (EVs), of all types
and mediums in which they travel, benefit from dense

and efficient power electronics. Electric vehicle range is one of
the key barriers preventing mass adoption of EVs, especially
in rural areas [1], and is a characteristic where EVs fall short
when compared to their internal combustion counterparts. One
way of increasing the range is by maximizing the efficiency
of the power conversion devices in the vehicle. This allows
for more prudent use of the vehicles limited energy storage,
increasing its range and/or relaxing the requirements on energy
storage devices. High efficiency is also important for stationary
EV chargers, most notably vehicle-to-grid (V2G) applications
where round-trip efficiency is emphasized [2].

Equally important to EVs is the power density, both gravi-
metric and volumetric. These applications typically relate to
but are not limited to mobile vehicular power electronics.
This includes on-board chargers (OBC) for electric vehicles
(EVs) [3], [4], which is becoming increasingly important as
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the mass-adoption of EVs continues [5]. Some OBCs are also
reconfigurable as traction inverters, further emphasizing the
importance of both power density and efficiency [6].

Other vehicles, such as airplanes and boats, also drive the
market for high efficiency and high power density converters
[7]–[10]. The reasoning is two-fold, better efficiency results in
more range, and higher power density results in better vehicle
dynamics [11], [12]. A concurrent improvement in both results
in a better vehicle, and the push for simultaneous improvement
in both power density and efficiency persists.

This paper pertains to the simultaneous improvement of both
power density and efficiency with a specific target application
of EV fast charging. It is often the case where there is a
trade-off between power density and efficiency [13], [14] and
improvements in one area require a sacrifice in the other.
This is disadvantageous to many applications where both high
efficiency and high power density are prioritized, such as
the aforementioned vehicular applications. The quick charging
times desired by EV consumers demand higher efficiency,
power density, and overall power levels from their associated
chargers.

There are a range of existing approaches to increasing
both power density and efficiency. They can broadly be split
between two areas: mechanical improvements and electri-
cal improvements. Mechanical improvements include novel
packaging/layout methods [34]–[36] and heatsink designs/heat
rejection methods [37]–[39] that allow for a reduction in
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converters and the proposed design methodology and experimental prototype
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Fig. 2. (a): Topology of the proposed grid-tied inverter. (b): Typical grid-tied
inverter topology.

volume and/or weight. An increase in the allowable heat
rejection can also accompany an increase in the power level,
further increasing the power density.

Electrical improvements come in the form of topological
improvements [40], [41], semiconductor technology improve-
ments [42], [43], and switching scheme improvements [44].
Semiconductor technology improvements, like the advent of
Silicon Carbide (SiC) and Gallium Nitride (GaN) wide-badgap
devices, have allowed for the simultaneous improvement of
both power density and efficiency through their decreased
switching loss, conduction loss, and increased permissible
junction temperatures [42]. Soft-switching techniques, both
hardware [43], [45] and software regulated [44], [46], have
also been shown to reduce switching loss, allowing for an
increase in switching frequency and an associated decrease
in passive filter volume, benefiting both efficiency and power
density.

Lastly, a common technique to maximally leverage these
approaches is the formulation of an ηρ Pareto frontier, which
is an optimization process that allows for the simultaneous
balancing of maximum efficiency (η) and maximum power
density (ρ) [47]. Not all ηρ optimizations are identical, with
some having varying loss estimation techniques and volume
estimation methods [48], [49]. Varying methods aside, a formal
approach is necessary to optimally balance the multitude of
parameters involved with power converter design.

A visualization of the power densities and efficiencies
that have been achieved in current state-of-the-art grid-tied
inverters can be seen in Fig. 1. These are all inverters that
use a range of different efficiency, power density, and ηρ
optimization techniques. Also included in this figure is the
Pareto frontier generated using the proposed techniques and
the experimentally achieved η and ρ values. This shows that
the efficacy of the proposed method as well as the achieved
experimental results are beyond the current state-of-the-art.

The performance of the proposed inverter is achieved
through a unique combination of methods. First is the variable
frequency switching scheme, previously proposed in [50],
that allows for soft-switching to be maintained over all loads
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Fig. 3. Current paths that charge and discharge the additional drain-source
capacitance CT during soft-switching transients. (a): Upper turn-off and lower
turn-on transient. (b): Upper turn-on and lower turn-off transient.

and operating conditions along with a substantial increase in
switching frequency and decrease in filter inductance.

Second is the inclusion of an additional capacitance placed
across the drain-source terminals of each FET which substan-
tially decreases the turn-off energy, a technique commonly
used in soft-switching converters [51]. To maintain soft-
switching with this increased drain-source capacitance, a larger
than typical dead time is required. This large dead time in
conjunction with a high switching frequency has the potential
to significantly distort the applied duty cycles.

The last technology is a simple open-loop duty cycle
compensation scheme that mitigates the distortion that arises
from the combination of high switching frequency and large
dead times. The novelty of the proposed is in the unique com-
bination of these three methods and the resulting improvement
over the state-of-the-art with respect to power density and
efficiency.

This paper is organized as follows: First, the overall topol-
ogy is shown. The theory behind the proposed grouping of
technologies as well as an ηρ optimization that fully leverages
them is provided. The resulting ηρ Pareto Frontier is shown,
an operating point selected, and a prototype 3-phase grid-tied
inverter constructed. Lastly, experimental efficiency, distortion,
and transient results are given. The overarching goal is to
present a formulaic approach to maximize power density and
efficiency for a given set of converter parameters using the
proposed combination of technologies.

II. TOPOLOGY

The topology of the proposed 3-phase grid-tied inverter
consists of three half-bridges, one for each phase leg, and
can be seen in Fig. 2-(A). There are notable differences
between the proposed and the typical 3-phase grid-tied inverter
topology of Fig. 2-(B). The most significant difference is the
connection of the filter capacitors CF , which in a typical grid-
tied inverter topology have their star point left floating. The
proposed makes two modifications: first the filter capacitor is
split into two equal capacitors, an upper and lower capacitor.
Second, the star-point of these capacitors is then connected
back to the switches, the upper capacitors to the positive DC
link and the lower capacitors to the negative DC link.

This has two beneficial effects. The connection of the star
point of the filter capacitors back to the inverter allows for the
common-mode voltage of these capacitors to be controlled.
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Fig. 4. Effect of CT on turn-off switching energies. The top three plots show
turn off voltage and current transients for different CT values. The bottom
plot shows the instantaneous power loss during turn-off switching transients
for a grouping of CT values.

Controlling the common-mode in this manner has marked
EMI benefits and leakage current benefits [52]. In motor drive
applications it can be used to significantly reduce the bearing
currents [6], [53], and, although not implemented in this paper,
harmonics can be injected into this common-mode that can be
used to reduce both the required DC link voltage [54] and
capacitance [55].

Splitting filter capacitance CF also serves to partially cancel
out ripple currents that otherwise would have been forced
to be absorbed by the filter capacitances CF and DC link
capacitance CDC . DC link ripple currents and output ripple
currents can circulate through the upper CF that connects
them together and a portion of these currents will cancel. This
has the effect of improving conducted EMI and reducing the
required total capacitance of the inverter. More information on
this upper capacitance can be found in [56].

The last topology modification is the addition of external
drain-source capacitance CT . This capacitance is leveraged
to reduce the overall switching loss of the converter and is
discussed in detail in the following section.

III. ADDITIONAL FET DRAIN-SOURCE CAPACITANCE

As described in [51], an external capacitance connected
across the drain-source terminals, shown in Fig. 2-(A), can be
used to reduce the turn-off losses of the FET. This capacitance
slows the VDS rise time during the turn off transient, effec-
tively reducing the non-zero VDS and ID overlap by spreading
it out. This effect can be seen in Fig. 4, where the turn-off
losses for a CREE C3M0032120k SiCFET with a grouping of
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CT values are found using the double pulse testing method at
a temperature of 25◦C.

It is important to note that Fig. 4 considers only the drain
current of the FET which does not include the current through
CT , and therefore the resulting switching energies do not
include the energy stored in CT . The energy stored in CT gets
recovered during the discharging process and is not dissipated
in the circuit. This is also true for the intrinsic drain-source
capacitance of the FET Coss, however, the current used to
charge and discharge Coss is included in the drain current
ID of Fig. 4 as it is not practical to disaggregate it. The
shown switching energies reflect this and as a result should
be considered an upper bound on what the actual switching
energies are. In Fig. 4, the turn-off energies for CT = 470pF
and CT = 1000pF are 82% and 65%, respectively, of the
turn-off energy for CT = 0pF.

There are two tradeoffs associated with increasing the drain-
source capacitance. First is the turn-off transient switching
time penalty that comes from the additional capacitance that
needs to be charged and discharged during soft-switching.
During the turn-off transient the drain-source capacitance is
charged and discharged by by the inductor current ILF . This
can be visualized in Fig. 3 which shows the current paths for
a turn-off transient. The dead time τd must be set to a value
greater than this transition time to allow for the soft-switching
to complete before the complementary switch is turned on.

Straightforward circuit analysis of Fig. 3 and the approxi-
mation that during the switching transient the inductor current
is constant provides a switching transient time of

∆Tcom =
2CDS,eqVbus

ILF,inst
, (1)

where ∆Tcom is the switching transient time, CDS,eq is the
effective drain-source capacitance of each FET and is equal to
the sum of CT , the intrinsic drain-source capacitance of the
FET Coss, and any parasitic capacitances of the PCB. Vbus is
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the DC link voltage and ILF,inst is the instantaneous value of
the inductor current during the switching transient. (1) is valid
for switching instances where the energy stored in inductor
LF is much larger than the energy required to commutate
the voltage of CDS,eq . When this is not the case, a resonant
transition must be assumed

∆Tres = π
√
LFCDS,eq, (2)

where ∆Tres is the switching transient time during resonant
transitions. Both (1) and (2) shows that the switching transient
time is proportional to the effective output capacitance value
CDS,eq , (2) shows that it is also inversely proportional to the
instantaneous inductor current.

Fig. 6 is a visualization of this trade-off where the inductor
current is held constant at 20A for ∆Tcom. Aan LF value of
17µH and CDS,eq value equal to CT are assumed for ∆Tres

and the switching energies are found as a function of ∆Tcom.
The real ∆T value will be in between ∆Tres and ∆Tcom with
∆Tres setting the upper bound.

It is shown that increasing the effective drain-source capac-
itance of the FET will reduce the turn-off loss of the FET
during soft-switching. However, it will also increase the turn-
on loss that is incurred during hard-switching. This is because
the energy stored in the drain-source capacitance is dissipated
within the FETs during hard-switching, while soft-switching
allows for this energy to be recovered. Practically, increasing
the drain-source capacitance will also increase the ringing
during hard-switched transients, further increasing the hard-
switching loss.

This tradeoff can be visualized in Fig. 5, where it can be
seen that the decrease in turn-off switching energy is less
than the increase in turn-on switching energy for a given
value of additional drain-source capacitance CT . Therefore,
in order to avoid being penalized by the additional drain-
source capacitance, a robust method for maintaining soft-
switching must be implemented. This method is discussed in
the following section.

IV. VARIABLE FREQUENCY CRITICAL SOFT-SWITCHING

A variable switching frequency scheme is used to maintain
soft-switching over the entire operating range of the inverter.
This is critical to the inverter’s functionality as soft-switching
allows for the exchange of turn-on losses with turn-off losses

(a) (b)

0 0.1 0.2 0.3 0.4

T
com

( S)

5

10

15

20

25

30

35

40

0 1000 2000 3000 4000

C
T

(pF)

5

10

15

20

25

30

35

40

E
o
ff

(
J
)

0

0.2

0.4

0.6

0.8

1

T
 (

S
)

T
com

T
res

E
o

ff
(

J
)

Fig. 6. Switching time, loss, and CDS,eq tradeoffs. (a): turn-off energy Eoff

vs. additional drain-source capacitance CT . (b): Eoff vs. switching time
∆Tcom.

t

M1

TS1

t

M2

�d

�d

T T T

�d�d TS2

t

Vx

t
ILF

ILF,min

ILF,max

IL,thr-IL,thr

r CT lower CT

Hard-switching Hard-switching 

Fig. 7. Critical soft-switching boundaries. The top four plots show the FET
gate signals, node Vx voltage, and filter inductor current values. The bottom
plot shows the relationship between dead time τd, critical threshold current
IL,thr , and external FET drain-source capacitance CT with respect to hard
vs. soft-switching.

and the benefits of the additional drain-source capacitance can
be fully leveraged as the converter will ideally never incur a
turn-on loss. Turn-on losses are typically much greater than
turn-off losses, further emphasizing the need to avoid hard-
switching.

The Variable Frequency Critical Soft-Switching (VFCSS)
scheme uses the switching frequency to control the filter
inductor LF ripple current. Soft-switching can be achieved
if the peaks and valleys of the LF current satisfy the soft-
switching boundary condition of dead time τd and peak/valley
inductor current. By controlling the switching frequency, the
peaks and valleys of the LF inductor current can be precisely
placed such that this boundary condition is always satisfied.

The desired placement of the peak and valley points of the
LF inductor currents are set such that the valley point of the
inductor current reaches a predetermined value of inductor
threshold current IL,thr. IL,thr is set in accordance with the
aforementioned boundary condition which can be derived from
the FET’s total output capacitance CDS,eq .

As discussed in Section III, the value of CDS,eq will effect
the switching transient time ∆T . The dead time must be
greater than the switching transient time ∆T to allow for
zero voltage switching to occur before the complementary FET
is turned on. If this does not occur, and the complementary
FET turns on before the transient is complete, the FET will
incur a partial hard turn-on loss and soft-switching will not be
maintained.

The relationship between IL,thr, ∆T , and the required dead
time τd can be seen in Fig. 7. In the lowest plot of Fig. 7, soft-
switching areas are highlighted in blue and hard-switching in
red. The blue regions represent the areas of operation where
there is sufficient time and current for commutating the output
capacitances of the FETs before the complementary switch is
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actuated.
For positive values of average LF inductor current, the

required current ripple needs to be set such that the valley point
is lower than the negative threshold current level −IL,thr.
The negative inductor current will discharge the upper switch
output capacitance in the turn-off transient period of the lower
switch. Similarly, for negative values of average inductor
current, the required current ripple needs to be set to ensure
the peak inductor current point is higher than the positive
threshold current IL,thr. Soft-switching of the lower switch
will be achieved if the lower switch output capacitance is
fully discharged by the positive inductor current during the
turn-off transient of the upper switch. The switching frequency
to achieve the required current ripple for any arbitrary IL,thr

value can be calculated with

fsw =
(1−D)DVdc

2(|IL,avg|+ IL,thr)Lf
, (3)

where D is the duty cycle and IL,avg is the average value
of the inductor LF current. Over the entire grid cycle where
the duty cycle and the average inductor current are dynamic,
the value of inductor LF will define the minimum switching
frequency and hardware capability will define the maximum
allowable switching frequency.

Practical implementations will require a relatively precise
measurement of Lf . (3) is repetitively calculated by the
controller in order to actuate the correct switching frequency
to achieve critical soft-switching. If the value of Lf used
in calculations is less than the actual value, the calculated
fsw will be higher than it needs to be, ultimately resulting
in an inductor current ripple that is lower than it should
be. The opposite is true for a measurement of Lf that is
higher than it actually is. An inductor current that is smaller
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than desired can result in exiting the soft-switching region
of operation and a subsequent (and potentially substantial)
increase in loss. For this reason it is advisable to use the upper
bound of the measurement range of Lf (in lieu of a precise
Lf measurement) so VFCSS can be maintained despite any
inaccuracies in the measurement of Lf .

When VFCSS is fully leveraged, it is often the case that
the required fsw is high for certain operating conditions.
Simultaneously, the additional drain-source capacitance CT

increases the switching transient time ∆T , requiring large dead
times. The combination of large dead times and high switching
frequencies will result in a distortion. The following section
describes a duty cycle compensation scheme which mitigates
this distortion.

V. DUTY CYCLE COMPENSATION SCHEME

The additional output capacitance CT will drive up the
required dead time to maintain soft-switching. Simultane-
ously, the VFCSS scheme allows for a significant increase in
switching frequency. Implementing both of these techniques
simultaneously has the potential to significantly distort the
actuated duty cycle. For a given dead time τd, a higher
switching frequency will result in more of the switching cycle
being allocated to the dead time. This causes a higher degree of
distortion and an effective duty cycle that increasingly differs
from the requested duty cycle. This effective duty cycle can
be approximated with

TS1 = (DreqTsw)− τd, (4a)
TS2 = ((1−Dreq)Tsw)− τd, (4b)

Deff = TS1/(TS1 + TS2), (4c)

TABLE I
INVERTER DESIGN SPECIFICATIONS

Specification Grid 1 Grid 2 Grid 3

Grid voltage (VL−L,RMS ) 208V 400V 480V
Grid current (ARMS ) 36A 36A 36A
Grid frequency (Hz) 60Hz 50Hz 60Hz
DC link voltage (V) 450V 800V 930V
Rated Power (kVA) 13kVA 22kVA 22kVA
Peak Power (kVA) 13kVA 25kVA 30kVA
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where TS1 is the on time of the upper switch, TS2 is the on
time of the lower switch, Dreq is the requested undistorted
duty cycle, τd is the dead time, and Deff is the effective
distorted duty cycle that is ultimately actuated by the switches.
These timings can be visualized in Fig. 9. Symmetric rise and
fall dead time is assumed.

As the switching frequency is increased, the difference
between Dreq and Deff also increases, and the duty cycle
becomes further distorted. This can be visualized in Fig. 8,
where both the dead time and switching frequencies are varied
and the requested duty cycle Dreq and effective duty cycle
Deff compared. It can be seen that both high frequencies and
large dead times significantly distort the duty cycle.

Fig. 8 also shows that, despite the high distortion, it is
possible to achieve the entire duty cycle range even at high
frequencies with relatively large dead times. This means that
it is possible to at least partially compensate for this distortion
through a straightforward first order compensation scheme. As
shown in [57], typical duty cycle compensation schemes have
to consider the different operating regions of the converter e.g.
hard-switching, soft-switching, partial hard and soft-switching,
etc. The proposed inverter exclusively soft-switches and only
one operating region needs to be considered, which simplifies
the duty cycle compensation.

A duty cycle compensation scheme is proposed as

Dreq = Dcalc − kd
τd
Tsw

(Dcalc − .5), (5)

where Dcalc is the duty cycle that is calculated by the
controller and kd is a user adjustable duty cycle compensation
coefficient. The controller calculates the duty cycle Dcalc,
which is then used in (5) to calculate the requested duty cycle
Dreq. Dreq is then sent to the PWM module to actuate the
duty cycles.

Using the approximation of the effective duty cycle in (4a)-
(4c), Fig. 10 shows the effect of the duty cycle compensation
scheme on the difference between Dreq and Deff . It can be
seen that tuning the value of kd will result in an elimination of
the duty cycle distortion. In reality, the equations of (4a)-(4c)
are approximated, and keeping kd as an adjustable constant
is necessary for more precise duty cycle compensation. The
efficacy of this duty cycle compensation scheme is shown in
section VII.

VI. DESIGN

The design requirements for the proposed inverter converter
can be seen in Table I. There are three grid types that the
inverter interfaces with. The maximum grid current, regardless
of grid type, is 36ARMS and this defines the peak power level
for each grid voltage. The design maintains capability of 30kW
but is optimized for 15kW operation when interfacing with
grid Type 3 (18ARMS per phase) and can sustain extended
operating time at this power level.

A. ηρ Optimization

There are a multitude of converter parameters that need to
be balanced during the design process. This is a challenge as
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many of these parameters have interdependencies and non-
linear effects on both the overall efficiency (η) and power
density (ρ) of the converter. In order to optimize for both
η and ρ simultaneously, it is necessary to have models that
describe how each of the design parameters effect loss and
volume.

1) Loss Calculations: In the context of circuit analysis and
loss calculations it is convenient to view this converter topol-
ogy as three separate half-bridge converters where each half-
bridge converter services one phase. The loss of each phase
can be calculated individually and its efficiency considered
representative of the converter as a whole.

It is important to note that the output of each individual
half-bridge converter is an AC waveform and therefore its
operating point changes over one cycle of the grid. As the
instantaneous loss over one cycle of the grid can change
dramatically, it is therefore important to consider the range
of operating points that the converter spans over the entire
grid cycle when calculating loss.

This can be seen in Fig. 11, where the switching frequency
fsw, duty cycle D, filter capacitor Cf voltage, grid current
Ig , and filter inductor Lf ripple current IL,p−p envelope are
shown over one cycle of the grid for the rated power listed
in Table I and a filter inductance value of Lf = 17µH while
interfacing with grid Type 2.

Losses over one cycle of the grid can then be calculated
in accordance with these varying operating points. Converter
loss can be split into four components: FET conduction loss,
FET switching loss, inductor winding loss, and inductor core
loss. Capacitor losses are considered to be negligible. FET
conduction loss can be calculated with

Pcond(θ) = Ron

(
Iout(θ)

2 +

(
1

2
√
3
IL,p−p(θ)

)2
)
, (6)
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Fig. 12. FET loss and inductor loss mechanisms over one cycle of the grid.

where values that are functions of θ denote values that change
over the cycle of the grid. FET switching loss can be found
using

Esw(θ) = Eoff (Vbus, Ia(θ)) + Eoff (Vbus, Ib(θ)) (7a)

Ia(θ) = IDC − IL,p−p(θ)

2
(7b)

Ib(θ) = IDC +
IL,p−p(θ)

2
, (7c)

where Eoff (Vds, Id) is the turn-off switching energy as a
function of FET drain-source voltage Vds and current Id. Vds

is equal to the DC link voltage and Id is equal to the peak
and valley of the inductor current ripple as described in (7b)
and (7c). It is important to note that (7a) only applies to
soft-switched inverters, hard-switched and partially hard/soft-
switched inverters will have different equations for Esw.
Eoff (Vds, Id) can be found using double-pulse tests and a
partial mapping of this can be seen in Fig. 4.

Inductor core loss is calculated using the Steinmetz equation

Pcore(θ) = k(θ)fsw(θ)
a(θ)Bpk(θ)

b(θ), (8a)

Bpk =
LIp(θ)

NAc
, (8b)

where k(θ), a(θ), and b(θ) are the frequency dependent
steinmetz coefficients of the chosen material (3F36 [58]) which
vary over the cycle of the grid. L is the value of the inductor, N
is the number of turns of the inductor, Ac is the cross sectional
area of the magnetic core of the inductor, and Bpk(θ) is the
peak value of the flux density through that core.
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Fig. 13. Loss vs. volume Pareto Frontier with the chosen operating point
highlighted in green.

Lastly, the winding loss Pcu of the inductor is calculated
according to its frequency dependant resistance

PCu(θ) = RDCIout(θ)
2 +RPWM (θ)

(
1

2
√
3
IL,p−p(θ)

)2

. (9)

It is assumed that there are exclusively two frequencies of
current within the inductor, the grid frequency and the switch-
ing frequency, and that the winding resistance at the grid
frequency and the winding resistance at DC are equal. The
frequency dependant resistance of the winding is found using
the techniques described in [59], [60] which take into account
the skin effect and winding pattern of the Litz wire.

The four loss mechanisms over a cycle of the grid while
interfacing with grid Type 2 at 15kW and with a filter inductor
value of Lf = 17µH can be seen in Fig. 12. Over one cycle
of the grid the loss varies significantly and no single point can
be considered representative of the converter’s performance as
a whole. This is rectified by averaging the loss over the cycle
of the grid according to

PLoss =
1

2π

∫ 2π

0

(Pcond(θ)

+ Psw(θ) + Pcore(θ) + PCu(θ))dθ. (10)

This loss modeling approach is used in the following sections
find the η of the ηρ a Pareto Frontier upon which an optimal
converter design is derived.

Fig. 14. Reference 50µH inductor and 12µF capacitor used for volume
estimation.
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2) Volume Estimations: The last component required for
the ηρ optimization is the ρ. The sizing of the output filter can
be estimated through its component values by using scaling
laws [61]. Inductor volume scales with

YL

Y ∗
L

=

(
EL

E∗
L

) 3
4

=

(
0.5LI2

0.5L∗I2

) 3
4

=

(
L

L∗

) 3
4

, (11)

where YL and EL are inductor volume and energy, respec-
tively. Capacitor volume scales in a similar manner according
to

YC

Y ∗
C

=

(
EC

E∗
C

)
=

(
0.5CV 2

0.5C∗V 2

)
=

(
C

C∗

)
, (12)

where YC and EC are capacitor volume and energy, respec-
tively. The ∗ superscript denotes values relating to a reference
device using the same technology.

The reference capacitor and inductor can be seen in Fig. 14.
The capacitor is a TDK B32774D8126 12µF film capacitor.
The inductor is a 50µH airgapped inductor of 3F36 E42-21-
20 ferrite core material and 2625/44 Litz wire. The resulting
designed inverter uses as similar technology as possible to
maintain accuracy between the experimental prototype and
these volume estimations.

3) Pareto Frontier Generation: The application of practical
components to the theory of the previous loss and volume es-
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Fig. 16. Inductor and FET loss vs. upper switching frequency fsw,u.
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timation sections results in the generation of a Pareto frontier.
The ηρ Pareto frontier balances the following parameters:

• FET brand/model
• CT capacitance value
• Filter inductance Lf

• Filter inductance turns N
• Filter inductance air gap Lg

• Filter inductance core quantity
• Upper switching frequency bound fsw,u

under the constraint of using 3F36 E42-21-20 ferrite cores
and 2625/44 Litz wire as these are used in the references for
the volume estimation. The loss and volume for all allowable
combinations of parameters is calculated. This gives a Pareto
frontier of loss vs volume upon which a desirable operating
parameters can be chosen. This Pareto can be seen in Fig. 13.
However, just considering the final Pareto frontier obfuscates
any potential trends with respect to parameter values.

Fig. 18. Constructed experimental inverter prototype.
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Fig. 19. High-level control topology of the proposed soft-switching inverter
when used as the AC/DC stage of a 2-stage EV battery charger.

For the sake of trend observation the Pareto frontier can be
broken up into intermediate components. One notable trend
is the effect the upper bound of the switching frequency
fsw,u has on the FET loss. Fig. 16 shows the calculated total
loss as a function of the upper switching frequency bound
when interfacing with a Type 3 grid at 15kW. This shows
that, due to the variable frequency nature of this design, the
upper switching frequency bound becomes largely irrelevant
beyond a point. This is because the higher the upper bound,
the proportionally smaller time the converter spends at that
switching frequency. Ultimately, the limit of this value comes
from the constructed hardware capabilities.

The optimal inductor design as a function of specified
inductance is shown in Fig. 15. For Fig. 15, a static upper
switching frequency value of 1.2MHz is chosen along with two
parallel sets of EE E42/21/20 3F36 cores. For each specified
inductance value, the number of turns and airgap that result in
the lowest average loss over the cycle of the grid are stored
and shown. The trend that can be seen here is that a certain
airgap range is optimal and the number of turns is adjusted
to keep the inductor in this optimal air gap range for a given
specified inductance.

Lastly, the different FET choices/configuration and how they
impact loss as a function of inductance can be seen in Fig.
17. SiC FET manufactures typically offer a family of FETs
where within the family there is an internal tradeoff between
switching loss and on resistance. Fig. 17 shows that for this
application, the lower on resistance and higher switching loss
FET variants are more favorable.

The final resulting ηρ Pareto frontier of Fig. 13 shows that
there are a range of suitable operating points with the chosen
highlighted in green. This operating point denotes a filter
inductor value of LF = 17µH, upper switching frequency
of fsw,u = 1.2MHz, and an external drain-source capacitance
value of CT = 220pF, and two parallel C3M0032120k FETs
for each switching device. It is optimized for 15kW operation
while maintaining capability up to 30kW.

RTPR�JCTJ1

RHSF
TA

PFET1

RTPR�JCTJ2
PFET2

RTPR�JCTJ12
PFET12

Fig. 20. Steady-state thermal circuit of the proposed inverter.

B. Control

A brief discussion on the control design of the converter
is included in this section as the control design is not the
highlight of this paper. More information on the control of
this converter can be found in [46]. The control diagram of
the inverter is shown in Fig. 19. A phase-locked loop (PLL)
is configured to convert the voltage and current values among
abc and dq reference frames. The active and reactive power
are controlled in d and q reference frames, respectively.

The constant current (CC) and constant voltage (CV) con-
trollers are cascaded with the d and q components of grid
current to adjust the active/reactive power between the DC
link and the grid. Shown in fig. 19 is the control scheme
with the inverter operating as the AC/DC grid interface of
a two-stage battery charger. In this configuration, the DC/DC
interface sets the DC-link current and the AC/DC grid interface
adjusts the d component current to a desired DC-link voltage.
For applications where the DC-link voltage is controlled
externally, the d and q components of the grid current can
be set with individual active and reactive power controllers,
respectively.

The zero-sequence controller is leveraged to step up the
output capacitor voltage with an offset of 0.5Vdc. The fre-
quency of each phase is controlled individually with a feed-
forward term, which is calculated according to (3) with a
predetermined and static IL,min value. Lastly, the duty cycle
is compensated with an additional feedforward term according
to (5), again with a static and predetermined kd value.

C. Experimental Prototype

The experimental prototype constructed given the operating
parameters found in section VI-A can be seen in Fig. 18.
The prototype has a volume of 2.19L which is calculated
considering the smallest rectangular bounding box that will
encompass the proposed soft-switched inverter. The mass
is 2.95kg. Both the mass and volume include all magnetic
components. The resulting power density is 13.7kW/L and
10.16kW/kg. A Texas Instruments microcontroller TMDSC-
NCD280049C control card is used to execute the control,
calculate the duty cycles and switching frequencies of each
phase, actuate the gate signals, and read the sensor values. The
control period is 40µs (20kHz). NCV57000 gate driver ICs
are used to drive the pair of C30032120k FETs at switching
frequencies up to 1.2MHz. The filter capacitor CF and DC link
capacitances have values of 24µF and 240µF, respectively. The
grid-side inductance LG is a 2µH surface-mount component
placed on the PCB.
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Fig. 22. VFCSS waveforms.

The DC link voltage when interfacing with the Type 3
grid is 930V and the chosen FETs are 1200V devices. This
leaves little margin for FET drain-source overshoot before the
device is damaged. This is not optimal for reliability, however,
the proposed converter exclusively soft-switches and therefore
there is minimal FET drain-source overshoot and tolerable
reliability is maintained.

Lastly, a single Dynatron A31 CPU server heatsink with a
thermal resistance RHSF of 0.247◦C/W is used to cool all 12
FETs [62]. 1mm thick Fujipoly XR-m thermal pads with an
approximate mounting pressure of 50PSI interface the FETs
and the heatsink. The resistance of each thermal pad RTP is
approximately 0.4◦C/W [63]. The thermal resistance of the
junction to case of the FET RθJC is 0.45◦C/W. The resulting
steady-state thermal circuit can be seen in Fig. 20. For an
ambient temperature TA of 40◦C and a junction temperature
TJ of 125◦C, the total tolerable loss that can be dissipated
by the heatsink is 267W or approximately 20W per FET. The
operating loss in the FETs is within this limit, as described in
Section VII-D.

VII. RESULTS

Testing results are shown in this section. A grid emulator is
used to create the 3-phase source with its source inductance set
to 0. A DC power supply in constant voltage mode powers the
DC link. Both AC and DC sources are bidirectional. Basic 3-
phase voltage and current values can be seen in Fig. 21 where
clean waveforms can be observed. Soft-switching waveforms
are shown Figs. 22 and 23 where the envelope of the inductor

Soft switching

Inductor Current
20A/div

Capacitor Voltage
50V/div

Grid Current
10A/div

20 s/div

DC Bus Voltage
50V/div

400V

Fig. 23. Zoomed-in VFCSS waveforms.
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Fig. 24. Inductor current, grid voltage, and DC link voltage during 4A load
step.

current shows that soft-switching is controlled through the
switching frequency.

A. Transient Steps

A 4A load step is performed in Fig. 24. Fluctuations in both
the DC link voltage and capacitor voltage are minimal during
this transient. Furthermore, during this load transient, it can
be seen that soft-switching is maintained.

B. Duty cycle compensation

Duty cycle compensation results can be seen in Fig. 25.
The THD for Fig. 25-(a), 25-(b), and 25-(c) are 14.57%,
8.388%, and 2.427%, respectively. This shows that the duty
cycle distortion caused by the combination of high frequency
and large dead times, inherent to soft-switching converters

a)

b)

10ms/div

c)

2A/div

Fig. 25. Grid current waveforms for different degrees of duty cycle compen-
sation. (a): kd = 0. (b): kd = 0.1. (c): kd = 0.25.



11

2 4 6 8 10 12 14 16 18

Power (kW)

0

2

4

6

8
T

H
D

-F
 (

%
)

0pF

100pF

470pF

220pF

Fig. 26. Grid current THD-F for 800VDC bus and 400VAC grid for a range
of CT values.

of the proposed technologies, can be compensated for with
the straightforward open-loop compensation scheme shown in
section V.

C. Total Harmonic Distortion

The THD-F of the output grid current can be seen in Fig. 26.
As the power increases the THD-F levels off at around 2%.
Experiments with four values of additional CT capacitance
values are included to show that they do not significantly effect
the grid current THD.

D. Thermals and Loss

Fig. 28 shows the loss breakdown of the proposed inverter
operating over a range of output powers when interfacing
with Type 3 grid. The loss mechanisms maintain mostly the
same ratio over the range of power levels except for the
switching loss, which constitutes a smaller proportion of the
total loss as the power level increases. This is a result of the
VFCSS scheme, as the output current increases, the switching
frequency range decreases, and the switching loss takes up
a proportionally smaller amount of the total loss despite the
increase in switching energy per cycle.

Fig. 27 shows the inductor temperature when operating
at 20kW while interfacing with a Type 3 grid after the
temperature has stabilized (approximately 20 minutes). The
ambient temperature is 21◦C. The windings closet to the air
gap are the hottest parts of the transformer, suggesting that
fringing flux around the air gap drives loss in the winding. At
this operating point the total FET loss is approximately 30W,

Fig. 27. Inductor temperature when operating at 20kW with Type 2 grid.
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Fig. 28. Loss breakdown of the proposed inverter when interfacing with a
Type 3 grid for three different power levels.

which results an approximate junction temperature of 35◦C
when using the values given in Section VI-C.

E. Inductor LF Current Frequency Spectrum

Fig. 29 shows the frequency spectrum of the current through
inductor LF for two different power levels while interfacing
with a Type 3 grid connection with a DC link voltage of 930V.

It can be seen that the 10kW spectrum has more, higher
frequency components than the 20kW spectrum. This is be-
cause higher power operation, for a given grid interface, has
higher peaks and lower valleys of grid current compared to
those of lower power operations. The higher peaks and lower
valleys require a higher inductor current ripple to maintain
soft-switching according to the VFCSS scheme. Higher current
ripple is implemented by reducing the switching frequency
according to (3).

This shifting in frequency can be visualized in the current
spectrum of inductor LF which shows that higher powers have
stronger lower frequency components and vice versa.
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F. Maximum Power

Fig. 30 shows a single phase of the converter operating at
the peak power of 30kW. Clean signals can be noted on the
current and voltage waveforms for both the AC and DC sides
of the inverter.

G. Efficiency

Efficiency is measured experimentally using a Tektronix
MSO58 8-channel oscilloscope power analyzer, where three
channels are used for the grid current, three channels for the
grid voltage, one channel for the DC link voltage, and one
channel for the DC link current. Tektronix P5200A voltage
probes and TCP0030A current probes are used. Multiple
measurements are taken at each data point at both positive
and negative power flows and subsequently averaged to com-
pensate for measurement noise. The loss incurred on the low
voltage supply rails is recorded separately and subtracted from
the output power of the converter. It is worth noting that this
loss is insignificant relative to the loss of the power electronics
components.

The efficiency curves can be seen in Figs. 31 and 32. The
calculated efficiency closely matches but slightly overestimates
the measured efficiencies. This can be attributed to the loss
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interfacing with 400Vl−l and 208Vl−l grids.

within the grid-side inductor Lg which is not included in the
loss calculations of section VI and fringing flux loss within the
windings as a relatively large air gap is used. Efficiency curves
are relatively flat beyond 6kW, denoting the effectiveness of
the variable frequency scheme to maintain soft-switching.

Four different values of CT are used to demonstrate the
effectiveness of the additional capacitance on reducing the
switching loss. This also shows that excessive sizing of this
capacitor will reduce the efficiency due to the increased dead
time and IL,min values that they necessitate. Peak efficiency
for all grid configurations is reached with a CT value of 220pF.
The maximum measured efficiency of ≥99.5% occurs with a
480Vl−l grid and 930Vdc bus.

VIII. CONCLUSION

This work shows the design and experimental realization
of a soft-switched grid-tied inverter with high efficiency
(≥99.5%), high power density (13.7kw/L and 10.17kW/kg),
and high switching frequency (1.2MHz). This is achieved
through the groupings of three technologies. First is the
VFCSS scheme that allows for soft-switching and the ex-
change of turn-on losses for turn-off losses over all operating
points of the inverter. Second is the additional drain-source ca-
pacitance placed on each FET which slows down the switching
transient and allows for a ≥40% reduction in turn-off losses
and increased leverage of the VFCSS scheme. Lastly is the
open-loop duty-cycle compensation scheme, which effectively
mitigates the distortion caused by the high switching frequency
and slow switching transients. The end result is an inverter that
improves upon the state-of-the art with respect to efficiency
and power density.
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