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Abstract—In this paper, a variable switching frequency space
vector pulsewidth modulation control is proposed. It is used to
achieve zero voltage switching (ZVS) for a three-phase grid-
connected voltage source inverter with unity power factor. A wide
range of ZVS can be realized without any additional sensors, auxil-
iary circuits, or current zero crossing detection circuits. The switch-
ing frequency can be easily calculated by a digital controller. The
frequency variation range in a line cycle is only about 1.5 times at
any specific load. An LCL filter is used to attenuate the high cur-
rent ripples at the inverter side, and active damping is adopted to
avoid the resonance and reduce the filter power loss. The switching
loss can be significantly reduced by using silicon carbide MOSFETs
so that the conversion efficiency is high. The power density can
also be improved due to the high switching frequency and the low
inductance value of the filter. The operating principle, design con-
siderations, and loss analyses are discussed in detail. A 3.5-kW
simulation and experimental prototype interfacing a 350–400-V dc
with a three-phase 110-V ac grid is developed to verify the perfor-
mance of the proposed control strategy.

Index Terms—Space vector pulsewidth modulation (SVPWM),
three-phase voltage source inverter (VSI), variable switching fre-
quency control, zero voltage switching (ZVS).

I. INTRODUCTION

OWING to its simple structure and bidirectional power flow
capability, the three-phase voltage source inverter (VSI)

has been used extensively in all kinds of applications, such as
electric vehicle chargers, active power filters, and renewable en-
ergy systems [1]–[3]. Although the VSI has been developed for
decades of years, the demands on higher conversion efficiency
and higher power density never stop.

The emerging wide bandgap (WBG) devices, including gal-
lium nitride (GaN) and silicon carbide (SiC) transistors, offer a
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great chance to further push forward the inverter performance.
They have outstanding characteristics, including a lower gate
charge, a lower output capacitance (Coss), and a higher switch-
ing speed. These advantages enable a much higher switching
frequency of up to several megahertz [4], [5], which make it
possible to significantly reduce the passive component size.
However, a higher switching frequency usually leads to a higher
switching loss. In addition, an SiC MOSFET still suffers from the
body diode reverse recovery issue, which causes additional turn-
ON loss in the active switch as well as severe electromagnetic
interference (EMI). It should be noted that the turn-ON loss of the
WBG transistor is generally much higher than the turn-OFF loss
[6], [7]. If the zero voltage switching (ZVS) technique is applied
to WBG device applications, the turn-ON overlap loss, output
capacitor loss, and reverse recovery issues can be eliminated.
Thus, the switching loss limitation is no longer a concern. For
conventional two-level single- or three-phase VSIs, the typical
circuit cell is a half-bridge topology with an inductor connected
to the middle point. When the inductor current flows out of the
middle point, only the bottom switch can achieve ZVS because
the output capacitor is discharged, and the body diode is turned-
ON during the dead time, but the top switch cannot achieve
ZVS. It is on the contrary when the inductor current flows into
the middle point. Therefore, ZVS can only be realized for half
of the switches at any time.

To achieve ZVS for both switches in a phase-leg, the inductor
current must flow into the middle point before the top switch
is turned-ON and flow out before the bottom switch is turned-
ON. Various ZVS techniques for VSIs have been studied, in
which auxiliary circuits are widely used. They can be placed
either on the ac side or the dc side. The ac-side auxiliary circuit
[8]–[13] usually uses auxiliary inductors or coupled inductors
combined with auxiliary switching devices to inject an addi-
tional high ripple current to the middle point. The total middle
point current changes its polarity during each switching cycle so
that both switches can achieve ZVS. However, the auxiliary cir-
cuit is bulky. The dc-side auxiliary circuit [14]–[18] is inserted
between the dc-bus and the phase-legs. The resonant dc-link
inverter and its derivations are typical dc-side ZVS inverters.
The resonant cell complicates the control strategy design and
the power density is also affected.

To eliminate the auxiliary circuits, an intuitive way is to in-
crease the inductor current ripple so that the current can be
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both positive and negative in one switching cycle. The idea
was implemented in boost power factor correction (PFC) [19],
totem-pole bridgeless PFC rectifiers [20], and single-phase ZVS
inverters [21]. A zero crossing detection (ZCD) circuit is usually
used to limit the unnecessary current ripples and circulation loss,
leading to a variable switching frequency. It can also distribute
the conducted EMI spectrum and effectively reduce the EMI
filter size [22]. Interleaving and coupled inductor techniques
are also integrated to reduce the current ripples with the critical
current mode (CRM) [23] or the triangular current mode [24].
A four phase-leg single-phase inverter is also proposed in the
Google Little Box Challenge to achieve high power density [25].

However, this method has only been widely discussed in
single-phase inverters/rectifiers. The ZVS method of three-
phase inverters has not been thoroughly investigated because
the three-phase currents are coupled. It is difficult to guarantee
that all the three-phase inductor currents flow in the appropri-
ate directions when the corresponding switch is turned-ON. In
[26], the neutral point of the filter capacitors in the LCL filter
is connected to the middle point of the dc-bus. Thus, the induc-
tor current of each phase is decoupled and can be controlled
similarly as in the single-phase inverter. However, the switching
frequency range is too wide in a line cycle due to a large vari-
ation of the inductor voltage amplitude. A combination of the
CRM and discontinuous pulsewidth modulation (DPWM) soft
switching three-phase inverter was recently proposed in [27].
ZCD circuits are used for each phase current; hence, switching
frequency synchronization is needed. Although high efficiency
and high power density are achieved, a detailed analysis of the
ZVS range has not been done.

In this paper, a ZVS three-phase inverter without any auxil-
iary circuits or additional sensors is proposed. The conventional
continuous five-segment space vector PWM (SVPWM) is used.
The switching frequency can be simply calculated, and the fre-
quency variation range is narrow. The ZVS can be achieved
within a wide range. An LCL filter and active damping are used
to attenuate the high current ripples at the inverter side. This
paper is organized as follows. The modulation scheme, ZVS
condition, and the proposed control are explained in Section II.
The design considerations of the filter parameters and the active
damping method are analyzed in Section III. The simulation and
experimental verification are presented in Section IV. The power
loss analysis is discussed in Section V. Finally, Section VI gives
the conclusion.

II. OPERATION PRINCIPLE

The three-phase grid-connected VSI with an LCL filter con-
figuration is shown in Fig. 1. L1 is the inverter-side inductor and
L2 is the grid-side inductor. C is the filter capacitor. The inductor
currents on both sides are ix1 (x = a, b, c) and ix2 , respectively.
vx is the grid phase voltage and Vdc is the dc voltage. Q1–Q6 are
the six switches. The gate signals of two switches in a phase-leg
are complementary.

The inverter-side inductor currents ix1 should be specifically
designed to achieve ZVS. Note that ix1 is affected by the switch-
ing states of all the three phase-legs. In addition, the summation

Fig. 1. Three-phase grid-connected VSI with LCL filter.

Fig. 2. Modulation waveforms of continuous five-segment SVPWM.

of the three-phase currents ix1 must be zero at any time instant.
Due to these two constraints, a possible solution is to keep the
switching state of one phase-leg constant during a certain time
period and realize ZVS for the other two phase-legs. Therefore,
an appropriate modulation strategy is necessary.

A. Analysis of Continuous Five-Segment SVPWM

Space vector modulation is used extensively in three-phase
VSIs [28]. According to the distribution of the freewheeling
switching states (zero vectors) in a switching cycle, the SVPWM
has a couple of variations, including seven segments, continu-
ous five segments, and DPWM. The seven-segment SVPWM
is widely used because of its symmetry and low harmonics.
However, all the switches are kept switching, which makes it
hard for the ZVS realization of all the switches. In addition,
the current distortion for the DPWM is too high to be adopted,
especially for small inductance case. Therefore, the continuous
five-segment SVPWM is used in this paper because only two
phase-legs are switching at any time. Assuming the carrier wave
is a triangle wave from 0 to 1, the modulation waves mx are as
shown in Fig. 2. The upper switch is ON when the corresponding
modulation wave is lower than the carrier wave. There are two
kinds of modulation waves for the five-segment SVPWM. The
first one only uses the 111 (all top switches ON) vector as the
zero vector. Whichever phase voltage is the highest among the
three, the switching state of that phase-leg remains constant at 1.
It is on the contrary for the second modulation wave. Actually,
the two modulation waves have the same operating principle in
view of the ZVS realization. In this paper, the first one is used.

Fig. 3 shows the PWM and phase currents ix1 and ix2 in
sector 1 as an example. Since ma is always zero, the top switch
of phase a (Q1) remains ON in sector 1; thus, ZVS is to be
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Fig. 3. Gate signals and inductor currents in sector 1.

achieved only for the switches in phases b and c. It can be seen
from Fig. 2 that the modulation wave mc is greater than mb ;
thus, the five-segment vector sequence is T4 /2 (100), T6 /2 (110),
T7 (111), T6 /2, and T4 /2. The currents are shown at the bottom.
The three straight lines represent the grid-side inductor current
ix2 . Since the inductance of Lx1 is designed to be small, the
currents ix1 have high current ripples.

B. Inductor Current Ripple and ZVS Analysis

Three assumptions for the following analysis are given here.
First, in a switching cycle, the grid voltages vx can be treated as
constant. Second, the voltage of C is equal to the corresponding
grid voltage vx . Third, the average current of ix1 in a switching
cycle is equal to the instantaneous grid current ix2 .

Owing to the symmetry of the carrier wave, the relationships
between ix1 and ix2 are as follows:{

ix1 (t0) = ix2 , ix1 (t0 − Δt) + ix1 (t0 + Δt) = 2ix2

ix1 (t3) = ix2 , ix1 (t3 − Δt) + ix1 (t3 + Δt) = 2ix2 .
(1)

The requirements to achieve ZVS for phases b and c are as
follows: {

ib1 (t1) < −Ibias

ib1 (t5) > Ibias ;

{
ic1 (t2) < −Ibias

ic1 (t4) > Ibias
(2)

where Ibias is the minimum current to charge/discharge the out-
put capacitors Coss of switching devices. It is a small current,
especially for WBG devices. The specific design consideration
is discussed in Section III.

Since ic2 is always lower than zero in sector 1, according to
(1), if ic1(t4) is greater than Ibias, then ic1(t2) must be lower
than −Ibias. However, the average current of phase b changes
its polarity in sector 1. Therefore, the requirements to achieve
ZVS can be rewritten as follows:{

ib1 (t5) − ib1 (t1) > 2 (|ib2 | + Ibias)

ic1 (t4) − ic1 (t2) > 2 (|ic2 | + Ibias) .
(3)

Fig. 4. (a) Equivalent circuit for the interval from t5 to t1 (100 switching
state). (b) Thevenin’s equivalent circuit.

Fig. 5. (a) Equivalent circuit for the interval from t2 to t4 (111 switching
state). (b) Thevenin’s equivalent circuit.

The average voltage drops across L2 are small; hence, the
second assumption is true. The equivalent circuit from t5 to t1
is shown in Fig. 4. Based on Thevenin’s theorem, the inductor
current ib1 can be calculated as follows:

L1
Δib1

Δt
=

va + vc − 2vb − Vdc

3
=

−3vb − Vdc

3
(4){

ib1 (t5) = ib2 + (t0 − t5) (3vb + Vdc) /3L1

ib1 (t1) = ib2 − (t1 − t0) (3vb + Vdc) /3L1 .
(5)

For phase c, the time interval between t2 and t4 should be
studied. The equivalent circuit is shown in Fig. 5. Based on
Thevenin’s theorem, the inductor current ic1 can be expressed
as follows:

L1
Δic1

Δt
=

va + vb − 2vc

3
= −vc (6){

ic1 (t2) = ic2 + (t3 − t2) vc/L1

ic1 (t4) = ic2 − (t4 − t3) vc/L1 .
(7)

C. Variable Switching Frequency Control

Any of the above-mentioned time intervals can be easily ex-
pressed by the modulation wave, i.e.,{

t0 − t5 = t1 − t0 = mb/2fs

t4 − t3 = (1 − mc) /2fs

(8)

where fs is the switching frequency.
Substituting (5), (7), and (8) into (3), the boundary switching

frequency fsx to achieve ZVS is given by⎧⎪⎪⎪⎨
⎪⎪⎪⎩

fsb <
mb (3vb + Vdc)

6L1 (|ib2 | + Ibias)

fsc <
(mc − 1) vc

2L1 (|ic2 | + Ibias)
.

(9)

Assuming that the circuit parameters are given as listed in
Table I, the boundary switching frequency variation in sector
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TABLE I
CIRCUIT PARAMETERS TO CALCULATE BOUNDARY FREQUENCY

Fig. 6. Boundary frequency for phases b and c in sector 1.

Fig. 7. Current ripple envelop line of ib1 and ic1 in sector 1.

1 can be plotted, as shown in Fig. 6. fsb starts at the same
value as fsc but becomes much higher afterward for most of
the time. During the last θ° (from around 50° to 60°), fsb drops
below fsc and becomes zero at 60°. The reason is that both the
modulation wave mb and the time interval from t5 to t1 decrease
to zero. To achieve ZVS for both phases, the lower boundary
switching frequency should be chosen. However, when the angle
is close to 60°, fsb changes too much and approaches zero,
which is unfeasible in practice. Therefore, regardless of the
ZVS realization of phase b during the last θ°, only fsc is chosen
as the boundary switching frequency in sector 1.

By setting fsc as the switching frequency, the current ripple
envelop lines at 350-V dc are illustrated in Fig. 7. The bottom
switch can achieve ZVS if the maximum current of ix1 is higher
than Ibias, and the top switch can achieve ZVS if the minimum

TABLE II
THREE PHASE-LEGS’ SWITCHING STATES IN A LINE CYCLE

Fig. 8. Switching frequency variation in a line cycle.

current is lower than −Ibias. However, this is not a necessary
condition because Ibias is designed to leave some margin. It can
be seen that ic1(t2) is kept constant as Ibias and ic1(t4) are lower
than −Ibias. Therefore, both switches in phase c can achieve
ZVS. From about 52° to 60° (θ°), ib1(t1) is greater than −Ibias;
hence, the top switch Q3 cannot achieve ZVS.

Sector 2 is symmetrical to sector 1, except that va and vb

exchange their roles. The voltage vc is still the lowest among
the three phase voltages. Therefore, the switching state of phase
b remains constant, and the boundary switching frequency is
still fsc in (9). Similarly, ZVS cannot be fully achieved for
phase a (Q1) during the first θ° in sector 2. For the following
sectors from 3 to 6, the three phase voltages keep exchanging
positions, but the frequency calculation method is the same. It
can be concluded as given in Table II.

Fig. 8 illustrates the switching frequency variation in a line
cycle at different dc voltages. It can be seen that the frequency is
continuous and symmetrical at each sector break. The maximum
frequency occurs at 60°, 180°, and 300°. In the meantime, one
of the switches cannot realize ZVS during the θ° on both sides
of these angles.

The maximum and minimum switching frequencies in a line
cycle at different dc voltages and powers are shown in Fig. 9.
A lower dc voltage and a higher power lead to a lower fre-
quency. The switching frequency variation ratio in a line cycle
is around 1.5 times at any dc voltage or load condition. This is
favorable compared with other wide frequency range methods
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Fig. 9. Maximum and minimum switching frequencies at different dc voltages
and powers.

Fig. 10. Non-ZVS range in a sector at different powers and dc voltages.

whose driving circuits are difficult to be designed in practice. It
should be noted that the actual non-ZVS range is smaller than
θ because θ is defined at Ibias crossing. This is only a sufficient
condition but not a necessary condition for ZVS. The relation-
ship between ZVS current and power at different dc voltages is
shown in Fig. 10. Only one switch cannot achieve ZVS during
the θ° in any sector. A higher power and a lower dc voltage result
in a smaller θ or a wider ZVS range. At a lower power and a
higher dc voltage, the switching frequency becomes higher and
the current ripple becomes lower; thus, the ZVS range decreases
a little.

According to the switching frequency calculation equation,
three-phase grid voltages and currents, as well as the modula-
tion ratio information, are needed. For the conventional fixed
switching frequency grid-connected inverter, grid voltages are
also sampled to obtain the phase angle, and currents are needed
for the closed-loop control. The modulation ratios can be ac-
quired by the digital controller itself. Therefore, no additional
sensor is needed to achieve the proposed variable frequency
control. Both the modulation wave generation method and the
closed-loop control are the same as the fixed frequency control.
Only the carrier wave frequency or period is to be updated at
the same time. The only limitation of this control strategy is that
it is not suitable for non-unity power factor. The switching fre-
quency variation becomes discontinuous when the current is not
in phase with the modulation wave. However, it can also work

Fig. 11. (a) Equivalent circuit to achieve ZVS of Q6 at t4 . (b) Thevenin’s
equivalent circuit.

Fig. 12. Resonant waveform of the ZVS realization process.

in the PFC converter. The operation principle and the switching
frequency calculation method are the same. Only the non-ZVS
switches become the bottom ones.

III. DESIGN CONSIDERATIONS

This section introduces a design example of a 3.5-kW inverter
interfacing a 350–400-V dc with a 110-V ac grid. The minimum
switching frequency is set at 100 kHz.

A. Bias Current and Inverter-Side Inductance Design

The inductance L1 not only has an influence on the switching
frequency but also affects Ibias and the dead time td selection.
Thus, they should be designed together. The ZVS resonant pro-
cess of Q6 in sector 1 around t4 is analyzed as an example.
The equivalent circuit is shown in Fig. 11. CQ5 and CQ6 are
the output capacitors of the switches Q5 and Q6 . According to
the equivalent circuit, the resonant process can be written as
follows:⎧⎨
⎩

vQ5 + vQ6 = Vdc , vQ6 (t4) = Vdc , ic1 (t4) = Ibias

ic1 = Coss

(
dvQ 5

dt − dvQ 6
dt

)
, 3L1 dic

2dt + vQ5 + 3vc

2 = 0
(10)

where vQn is its drain–source voltage. Thus, vQ6 and ic1 are
given by⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ic1 = Ibiascos ω (t − t4) + 3Cossvcω sin ω (t − t4)

vQ6 = Vdc − 3vc

2
+

3vc

2
cos ω (t − t4)

−3L1Ibias

2
ω sin ω (t − t4) .

(11)

The resonant process is shown in Fig. 12. At t4 , if ic1 is
positive and large enough to fully charge and discharge the
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Fig. 13. Relationship between L1 and fsmin.

TABLE III
DEAD TIME SELECTION WITH DIFFERENT BIAS CURRENTS

output capacitors of Q5 and Q6 , the body diode of Q6 can be
turned-ON. Then, the current ic1 keeps decreasing linearly after
the resonant process and becomes zero at tdmax. The ZVS for
Q6 can be achieved if the driving signal is applied between tdmin

and tdmax. Otherwise, the output capacitors can be reversely
charged and discharged after that. However, this time interval
should be as short as possible to reduce the circulation loss;
hence, Ibias should be carefully designed. On the other hand, to
guarantee that the minimum switching frequency is 100 kHz,
the relationship between L1 and fsmin at different bias currents
should be figured out. The frequency calculation equation uses
350-V dc voltage, 110-V ac voltage, and 3.5-kW power. The
relationship is illustrated in Fig. 13. At 100 kHz, the higher the
bias current is, the lower the inductance needs to be.

In this design example, an SiC MOSFET is used, whose Coss

is 60 pF. The worst case to achieve ZVS for Q6 in sector 1 is
when Vdc is 400 V and vc is at its maximum voltage (angle is
0°). By substituting the parameters obtained from Fig. 13 into
(11), the dead time range can be calculated as given in Table III.
For WBG devices, a high switching speed may lead to voltage
overshoot and cross-talk phenomena. Therefore, the switching
speed should be limited by adjusting the driving circuit parame-
ters. Meanwhile, the power loop parasitic inductance should be
reduced, and a negative driving voltage is needed. The rise and
fall times and the turn-ON and turn-OFF delays can be obtained
from the device datasheet. Considering the propagation delay
of the driving circuits and the tolerance of L1 , Ibias is designed
as 2 A, and L1 is 10.3 μH. The dead time is set to 100 ns.

B. LCL Filter and Active Damping Design

In order to attenuate the high current ripples and improve
the grid current quality, an LCL filter is necessary. However,

the design methodology is not the same as the conventional
one. The reason why the switching frequency can be calculated
according to the voltage and current sensor information is based
on the assumptions used in the previous analysis. According to
the assumptions, the voltage drop across the inductors L2 should
be low, and the reactive current generated by the capacitors C
should be small. Since the impedance of inductors L2 at line
frequency fg is generally small, the voltage drop compared
with the grid voltage can always be ignored. The reactive current
through L2 is designed to be less than 2% of the active current
so that the phase error can be neglected. The capacitance C can
be calculated as follows:

v2
x2πfgC < 2%Pmax/3. (12)

The capacitance is designed as 4.7 μF in this example. The
current ripple attenuation is related to C and L2 . It is a second-
order low-pass filter and can be expressed as follows:

ix2 (s)
ix1 (s)

=
1

L2Cs2 + 1
. (13)

The higher the frequency of the current ripple, the better it
attenuates. The worst case in a line cycle occurs at the minimum
switching frequency fsmin. It can be seen from Fig. 7 that in
sector 1, ib1 has the highest current ripple of about 40 A at
fsmin. If a maximum current ripple of 1 A is required, then
the attenuation factor at fsmin should be 1/40 (or −32 dB).
Therefore, the inductance L2 is designed as 20 μH. Under other
operating conditions, the grid-side current ripple is much lower
because of a higher switching frequency.

Since the high current ripple component of ix1 is filtered out
by the capacitors C, the conventional method of using damping
resistors to eliminate the LCL resonance may cause an enormous
amount of power loss. In this paper, a filter-based active damping
is adopted [29]. It applies a notch filter to the modulation wave in
order to cancel the resonant peak. It does not need any additional
sensors, which is more cost-effective and flexible. The resonant
angular frequency of the LCL filter can be expressed as follows:

ωres =
√

(L1 + L2) /L1L2C. (14)

The transfer function of the notch filter in the s-domain can
be written as follows:

N (s) =
s2 + ω2

res

s2 + kωress + ω2
res

(15)

where k determines the width of the band-stop region. Consid-
ering the tolerances of the inductances, the capacitance, as well
as the parasitic grid impedance, k can be chosen between 2 and
5. In this example, the resonant frequency is 28 kHz and k is
designed as 3.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

To verify the parameter design and the performance of the
inverter, simulation and experimental results are discussed in
this section. The specification and the parameters are obtained
from Section III and are given in Table IV.

Fig. 14 shows the simulation waveform in a line cycle at full
load when the dc voltage is 350 V. In sector 1, phase a is not



6326 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 7, JULY 2019

TABLE IV
SPECIFICATIONS AND THE PARAMETERS OF THE INVERTER

Fig. 14. Simulation waveform in a line cycle at 350-V dc full load.

Fig. 15. Simulation waveform of a switching cycle in sector 2. (a) Around
90°. (b) Around 65°.

switching; hence, the shape of ia1 is not important. The envelop
lines of ib1 and ic1 are almost the same as the prediction in
Fig. 7. The small difference in ib1 at the end of sector 1 is
depicted in Fig. 15(b). For the following sectors, the envelop
lines of ix1 are just a duplication or mirror image of sector 1.
For example, ia1 in sector 2 is a mirror image of ib1 in sector
1. It can be clearly seen that the peak current of ic1 is kept well
at 2 A in sectors 1 and 2. ia1 in sectors 3 and 4, along with ib1
in sectors 5 and 6, is the same. Therefore, ZVS can be achieved

Fig. 16. EMI simulation results comparison between fixed frequency control
and proposed control.

for all the switches, except in the shadowed region based on
the aforementioned analysis. Although the current ripple is very
high at the inverter side, the total harmonic distortion (THD)
measured from the grid current ix2 is only 2.3% owing to high
frequency attenuation. The minimum switching frequency is
100 kHz, and the maximum frequency is 146 kHz.

Fig. 15(a) shows the simulation waveforms in a switching
cycle in the middle of sector 2, which are similar to that shown
in Fig. 3. In sector 2, Q3 is ON; thus, the current waveform of ib1
does not affect the ZVS realization. Only the switches in phases
a and c are switching. At the turn-ON and turn-OFF instants of
Q1 , ia1 is negative and positive, respectively. At the turn-OFF

instant of Q5 , ic1 reaches its peak value of 2 A (Ibias). Therefore,
ZVS can be achieved for all the switches in phases a and c. The
waveforms in other sectors are similar, except the exchange of
the three-phase sequence.

As depicted in Figs. 8 and 14, during the θ° on both sides of
60°, 180°, and 300°, one of the switches loses ZVS. Fig. 15(b)
shows an example at around 65° in sector 2. During this interval,
the modulation wave ma is still low; hence, the pulsewidth
for Q2 is too short to generate a high current ripple for ia1 .
Therefore, ia1 cannot become negative before Q1 is turned-ON.
Thus, Q1 cannot achieve ZVS. However, as ma increases, the
current ripple of ia1 becomes higher. The ZVS for Q1 can be
achieved after θ°. In a line cycle, the top switch of each phase
loses ZVS for θ° twice (2θ°). It should be noted that under this
condition, although the minimum current of ia1 is still lower than
zero, it does not occur at the turn-ON instant of Q1 . Therefore,
the envelop line is a little different from the analysis depicted in
Fig. 7.

The conducted EMI simulation follows the CISPR 22 stan-
dard. A comparison between the conventional fixed switching
frequency control and the proposed control is made for the same
circuit parameters. The fixed frequency is set as the maximum
of the variable switching frequency at 146 kHz. A 10-pF capac-
itor is added between the drain of each device and the ground to
simulate the capacitor between the thermal pad and the heatsink.
Fig. 16 shows the simulation results at full load and 350-V dc.
The EMI peak value occurs at the integral multiple of the switch-
ing frequency. For the conventional fixed switching frequency
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Fig. 17. Experiment waveforms of phase a in full load at 350- and 400-V dc.
(a) At 350-V dc. (b) At 400-V dc.

control, the noise concentrates on several specific frequen-
cies. However, the proposed variable switching frequency can
effectively distribute the noise spectrum and decrease the noise
peak value. Therefore, a lower noise attenuation is needed, and
the EMI filter size and cost can be reduced.

The experimental prototype is fabricated by using the SiC
MOSFET C3M0065090J (900 V, 65 mΩ) as the switching device.
DSP TMS320F28335 is the digital controller. The maximum
switching frequency is set to 500 kHz to limit the switching
loss when the load is lower than 20%. The sampling and control
frequencies are constant and set to be 100 kHz.

The steady-state operating waveforms of phase a at 350- and
400-V dc full load are illustrated in Fig. 17. For phases b and
c, the waveforms are almost the same. The grid current ia2 is
in phase with the phase voltage va , and it is always the average
of ia1 , which satisfies the third assumption. Compared with
350-V dc, the switching frequency at 400-V dc is higher; thus,
the current ripple is smaller. The sector numbers are shown in
Fig. 17(a). In sectors 3 and 4, when the phase current is the
lowest, the bias current is well kept at 2 A. A small ripple
is caused by the accuracy of the voltage- and current-sensing.
Therefore, the ZVS of Q1 and Q2 can always be achieved in
these two sectors. In sectors 1 and 6, when the phase current is
the highest, the top switch Q1 remains ON; hence, the ZVS is
not a concern. In sectors 2 and 5, the envelop lines of ia1 are
similar to that of ib1 in sector 1, as shown in Fig. 7. The current
ripple of ia1 is mostly large enough to realize ZVS. However, at
the beginning of sector 2 and at the end of sector 5, as shown in
Fig. 17(b), the bottom envelop line is greater than −2 A. Thus,
the top switch Q1 may lose ZVS for about 10° in both sectors.
It is the same with phases b and c.

Fig. 18. ZVS and non-ZVS waveforms of top switch Q1 . (a) Not switching,
(b) and (f) Non-ZVS, (c), (d) and (e) ZVS.

The ZVS and non-ZVS waveforms of the top switch Q1 at full
load 400-V dc are shown in Fig. 18. The driving signal vgs1 and
the drain–source voltage vQ1 are illustrated together to show the
ZVS realization. The inverter-side current ia1 should be lower
than −2 A at the turn-ON instant to achieve ZVS. It can be seen
that ZVS cannot be achieved only in Fig. 18(b) and (f) because
the modulation ratio is too small to produce enough current
ripples. The non-ZVS range accounts for approximately 10° in
each of the two sectors. From Fig. 18(c)–(e), ZVS can always
be realized because ia1 is much lower than −2 A. The drain–
source voltage vQ1 decreases to zero before the driving signal
vgs1 is higher than the gate threshold (2 V). This can also be
justified from vQ1 that it decreases to zero smoothly. However,
from Fig. 18(c)–(e), since the turn-ON current ia1 is high, the
junction capacitor is still discharged fast. From Fig. 18(b) and
(f), it can be seen that vQ1 drops to zero sharply because the
junction capacitor is shorted when the device is turned-ON. It
should be noted that due to the assembly of the power stage,
it is difficult to connect the probe directly to the gate pin of
the device; hence, the driving signal before the gate resistor is
measured. Therefore, it shows obvious ringing and resonance.

The bottom switch can achieve ZVS at any time in a line cycle
using the proposed control. Fig. 19 shows the ZVS waveforms
of the bottom switch in phase a. ZVS can be achieved on the
condition that ia1 is greater than 2 A at the turn-ON instant. In
Fig. 19(c) and (d), the peak current of ia1 is kept as 2 A on
purpose to realize ZVS. The voltage vQ2 always decreases to
zero before the driving signal vgs2 becomes higher than the gate
threshold. In Fig. 19(a), (b), (e), and (f), ia1 is much higher than
2 A at the turn-ON instant so that the ZVS condition is fully met.
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Fig. 19. ZVS waveforms of bottom switch Q2 . (a) to (f) ZVS waveform.

Fig. 20. Harmonic analysis of the grid current.

Due to the use of an autotransformer, the three-phase voltages
are not exactly the same. The THD measured from the experi-
mental waveform of ia2 is 3.2% at 350-V full load. The harmon-
ics calculated from the waveform data are shown in Fig. 20. It
can be seen that the current at the fundamental frequency is 15
A, and the harmonics are all lower than 0.12 A. If a lower THD
is required, L2 can be designed to be larger, without affecting
the operation of the inverter and the proposed control strategy.

The dynamic response of the inverter is verified and shown
in Fig. 21. The grid current step increases from 30% to full
power. The grid current ia2 has a fast dynamic response and is
always in phase with the grid voltage va . On the other hand, the
switching frequency calculation also has a good performance.
The bias current can be maintained well as 2 A before and after
the transition. Therefore, ZVS can always be achieved, even in
transients. The dynamic response proves that the conventional
inverter closed-loop control combined with the proposed vari-
able switching frequency technique has good stability.

Fig. 21. Dynamic response of the grid current step-up change.

Fig. 22. Experiment prototype.

Fig. 22 shows the prototype photo. Since the thermal design
of the surface-mounted device is difficult for the conventional
printed circuit board (PCB), a single-layer metal-core PCB is
adopted. It has a thin inner insulation layer. It can, therefore, be
directly attached to the heatsink only with thermal grease. The
surface-mounted SiC MOSFET and the decoupling capacitors can
be simply soldered on the metal-core PCB. However, the driving
circuit layout is difficult to implement on the single-layer PCB.
Therefore, the driver board is designed on the conventional PCB
mounted on top of the power stage through connectors. EI-33
ferrite core is used for all the inductors. It can be seen that the
LCL filter size is much smaller compared with a conventional
inverter having the same current rating.

With the help of the proposed control, a power density of
approximately 3 kW/L can be achieved. Compared with the
commercial inverter products that generally have a power den-
sity of 0.5 kW/L, the power density increases several times.

V. POWER LOSS ANALYSIS

The total power loss includes switching devices’ conduction
and switching losses, inductors’ core and copper losses, filter
capacitors’ losses, and the driving loss.

The device loss is analyzed first. Owing to the symmetrical
structure, the conduction loss generated in any phase-leg is the
same as in a line cycle. In addition, only one switch in a phase-
leg conducts the phase current at any time. The total conduction
loss can, thus, be simply calculated as follows:

Pcond = 3I2
x1,rmsRds(ON) . (16)
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Fig. 23. Device losses breakdown.

Here, Rds(on) is the device ON resistance and Ix1,rms is the rms
value of the inverter-side inductor current ix1 . For a triangle
current waveform, the rms current can be directly calculated
based on its mean value and bias current. However, for the
method discussed in this paper, the inverter-side current has
four segments in a switching cycle, and the envelop lines in a
line cycle are irregular. Therefore, it is very difficult to obtain
an analytical expression between the inductor rms current and
the grid current. The simplest and the most accurate way to
calculate the conduction loss is to acquire the rms value directly
from the simulation or experimental waveform data.

The total switching loss is the same in any sector. Thus,
sector 1 is taken as an example. The switching state of phase
a is constant; hence, it has no switching loss. Both switches of
phases b and c have turn-OFF loss. The top switch of phase b also
has turn-ON loss during the last several degrees. The turn-ON and
turn-OFF switching energies versus different drain currents are
obtained from the datasheet and curve-fitted in MATLAB. The
variable switching frequency fs and the envelop lines of ib1 and
ic1 in sector 1 can also be calculated, which have been discussed
in Section II. The current envelop lines are actually the turn-ON

and turn-OFF currents. Therefore, substituting the envelop lines
into the curve-fitting equation leads to the switching energy
at different times. After it is multiplied by the corresponding
switching frequency, the total switching loss can be acquired by
the summation of the results.

The device loss breakdown at different dc voltages and load
conditions is shown in Fig. 23. At 400-V dc, the current ripple
of ix1 is smaller than that at 350 V; thus, the conduction loss at
400 V is lower. Although the switching frequency at light load
is much higher than that at full load, the turn-OFF current is also
lower. Therefore, the switching loss at different loads does not
have a large difference. Compared with 350 V, the switching
frequency at 400 V is higher and the turn-OFF voltage is also
higher; thus, the total switching loss is always higher. At light
load, the switching loss is a little higher than the conduction
loss, but as the power goes up, the switching loss decreases
gradually, and the conduction loss increases dramatically.

Since the grid-side current ix2 has tiny current ripples and
the filter capacitors also have a very low equivalent series re-
sistance (ESR), the core loss of L2 and the capacitors’ loss can
be neglected for the analysis. The loss calculations for the core

Fig. 24. Other major losses breakdown.

and copper loss of L1 , the copper loss of L2 , and the driving loss
are discussed in the following. Fig. 24 illustrates other major
losses’ breakdown at different loads and dc voltage conditions.
The rectangular bars represent the power loss at 400-V DC,
and the error bars represent the loss differences between 350
and 400 V. The current ix1 has high-frequency components;
hence, the copper loss of L1 should be calculated at differ-
ent frequencies due to the skin effect. It can be expressed as
follows:

PL1,copper =
∑

f

I2
x1,f RL1,f (17)

where Ix1,f is from the Fourier transformation of ix1 . It mainly
contains line frequency and switching frequency components.
The ESR at different frequencies RL1,f can be measured with
an impedance analyzer. However, the copper loss of L2 is much
easier to calculate because ix2 almost only contains the line
frequency component. The copper loss of L2 is the same at 350-
and 400-V dc.

The core loss of L1 is calculated using the generalized Stein-
metz equation [30] due to the irregular current. The simulation
data of ix1 as well as the core loss parameters are taken as the
input of the code. It uses the difference of the inductor current
and the step time to calculate the core loss. Although the current
ripple is high, ferrite material is used as the core. The core loss
is, therefore, relatively low.

The driving loss can be easily calculated because at any time
only four devices are switching. It is given by

Pdrv = 4 (Vdrv+ − Vdrv−) Qgfs (18)

where Vdrv+ and Vdrv− are the positive and negative voltages
of the driving voltage, respectively, Qg is the total gate charge
of each device at a given driving voltage, and fs is the average
of the variable switching frequency in a line cycle. Owing to
the low Qg of the SiC mosfet, although the switching frequency
is up to 450 kHz at 25% load, the total driving loss is still
only 2 W.

The conversion efficiency measured with a power analyzer is
shown in Fig. 25. The control power is not added to the power
loss. The calculated efficiency is included as comparison. The
loss difference is a little higher at heavy load possibly due to the
device temperature rise. The peak efficiency is 98.7% at around
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Fig. 25. Measured and calculated efficiency curves at different voltages.

50% load. The efficiency at light load is lower at 400-V dc than
that at 350-V dc because of a higher switching loss, but when
the load is higher than 80%, the efficiency at 400 V becomes
a little higher owing to a lower conduction loss. It should be
noted that for commercial products, such as solar inverters and
battery storage inverters, the California Energy Commission
(CEC) or European efficiency can also achieve 97%, and some
are even 98%. Therefore, the efficiency only increases a little,
but the switching frequency and the power density are greatly
improved.

VI. CONCLUSION

This paper proposes a variable switching frequency SVPWM
control for a three-phase grid-connected inverter. The operating
principle, the inductor current ripple, and the ZVS condition
are analyzed in detail. Due to the high current ripples at the
inverter side, an LCL filter is needed. To avoid the resonance
of the filter and to reduce the losses, the active damping tech-
nique is adopted. The design considerations of the filter and the
active damping parameters are discussed. The simulation and
experimental results of a 3.5-kW prototype using SiC MOSFETs
are shown to verify the proposed control method. The major
advantages are as follows.

1) The frequency variation range in a line cycle is only about
1.5 times under any operating condition, in facing load
and voltage variations.

2) ZVS can be obtained over a wide range without using
any additional sensors, auxiliary circuits, or current ZCD
circuits.

3) The power density is high owing to the high switching
frequency and low inductance of the filter.

4) The conversion efficiency is high.
5) A good dynamic response can be achieved with the pro-

posed method.
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