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Abstract—This paper presents a modulation with Zero-Voltage
Switching for a single-phase, single-stage inverter intended for
photovoltaic applications. In single-stage inverters, the DC-AC
conversion stage is merged with the active power pulsation buffer
stage. The proposed architecture uses a flying capacitor to handle
the difference between the instantaneous input and output power,
instead of the traditional bulky input capacitor. In this single-
stage inverter, both the input current and the output voltage
are controlled by the current of a single inductor. The inductor
is operated in variable frequency Boundary Conduction Mode.
Multiple operation modes are used along the line cycle, all of them
with Zero-Voltage Switching in all transitions. The operation
mode and control times are determined by the target input
current, target inductor current, input voltage, output voltage
and flying capacitor voltage through equations that model the
inductor waveform. These equations are solved with a fixed-point
iteration method in a FPGA. The modulation and control are
validated in a 1 kVA prototype with 400 V input and 240 Vrms,
60 Hz output.
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I. INTRODUCTION

To encourage the use of photovoltaic (PV) systems for resi-

dential applications, Google and IEEE launched in 2014/2015

the Google Little Box Challenge, a competition aiming to de-

sign a highly efficient inverter with a reduction of roughly ten

times in size compared to commercially available inverters [1].

A representation of the main specifications is shown in Fig. 1.

Smaller inverters lead to reduced installation and maintenance

costs, and lower losses lead to improved system efficiency and

reduced cooling requirements. A variety of inverter concepts

and new modulations were proposed for this competition [2].

Architectures and modulations with Zero Voltage Switching

(ZVS) were widely used to reduce converter losses. Moreover,

ZVS eliminates the ringing in switching nodes, decreasing

EMI generation. Most of the teams used Gallium Nitride

(GaN) devices since they have better performance than their

Silicon counterparts and they are appropriate for soft-switched

converters due to their reduced Rds ·Qoss, [3], [4].

In this context, this work describes the topology proposed

by the CEI-UPM team based on the Little Box Challenge

specifications [5].

One of the challenges when designing a PV inverter is

keeping the input current constant. To maximize the power

supplied by a PV panel, it has to operate in the maximum

power point with low current and voltage ripples [6]. Accord-

ing to the specifications, the input current ripple must be kept

below 20 % of the DC input current. Since the output power is

pulsating at twice the line frequency (120 Hz), inverters must

include a storage capacitor for power pulsation decoupling [7].

The position of the storage capacitor leads to different power

architectures, [8], as shown in Fig. 2.

A typical solution is to place a bulky input capacitor to keep

the voltage ripple below the maximum specified, 3 % of the in-

put voltage in this case, as shown in Fig. 2 .a. This capacitor is

bulky because a small fraction of its energy is actually used for

power decoupling. To reduce the size of the storage capacitor,

higher discharge ratio, (VCmax − VCmin)/VCmax, should be

used. Higher discharge ratio leads to lower maximum energy

for a given energy buffered, ΔE, [9]. Architectures allowing

higher discharge ratio usually have two stages. In two-stage

approaches, one of the stages is used to control the output

voltage and the other is used to maintain the input power

constant. Since there are two power stages, control complexity

is increased.

The two-stage cascaded architecture is shown in Fig. 2 .b,

it has a DC-DC converter, an intermediate DC-link capacitor

with wide voltage swing, and a DC-AC converter, [10]. This

architecture achieves low storage capacitor volume, but the

efficiency is penalized because both stages are processing

power.

Other architecture based on two stages is the DC-AC

inverter with active filter. Active filters are converters used

to charge and discharge the storage capacitor directly from

the input, as shown in Fig. 2 .c [11]. According to [12], active

filters can be classified DC-side [13], [14] or AC-side [15]

depending on where the storage capacitor is connected. The

advantage of the active filter configuration compared with the

Fig. 1. A representation of the Google Little Box Challenge inverter
specifications [1].
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Fig. 2. Architectures classified according to the position of the storage capac-
itor a) inverter with bulky input capacitor b) two-stage cascaded configuration
c) two-stage active filter d) single-stage.

cascaded configuration is that the power processed is reduced

as illustrated in [16].

A last approach is to integrate the storage element in the

inverter, as shown in Fig. 2 .d, performing twice-line-frequency

power decoupling and DC-AC conversion in a single stage.

This is the result of combining the active filter stage with the

inverter stage, as done in [17], [18] based on DC-side active

filters or in [19], [20] based on AC-side active filters. These

inverters generally feature low component count but a more

complex control and modulation, because a single power stage

is used to generate the output voltage while ensuring power

pulsation decoupling [21].

The single-stage inverter described in this paper was first

introduced in [16]. Unlike previous single-stage inverters, this

one is based on the integration of the specific power topologies

that process the minimum possible power along the line cycle.

This results in a flying capacitor structure, shown Fig. 3,

where the flying capacitor is used as storage capacitor at line

frequency.

There are two-stage inverters where the flying capacitor

is used as storage capacitor, [22]. However, in this work,

the flying capacitor is a part of the inverter, reducing the

component count to a single inductor, the capacitor and six

switches. Furthermore, with the appropriate modulation strat-

egy, the inductor in this topology can process lower power than

previously described architectures, [23]. The fundamentals and

further reading on the theoretical lower limits of the power that

is processed by a power converter can be found in [24] and

[25].

The proposed power architecture is simple but the modu-

lation of the inductor current is rather complex. The output

voltage and the input current are both controlled with the

inductor current, there are two independent control variables

and the operation has to be divided in several switching states

over a switching cycle. Moreover, the voltages and currents in

the storage capacitor and the output port change along the

line cycle, and multiple operation modes have to be used.

Finally, the modulation is designed to obtain ZVS transitions,

so additional switching states are added for this purpose.

This paper describes the multi-mode modulation and imple-

mentation of this single-stage inverter. The paper is structured

as follows: in Section II the topology is introduced. Section III

presents the theoretical modulation, from the point of view

of the power flow, explaining how to obtain a sine-wave

output voltage and constant input current under different

loads. In Section IV, the theoretical modulation is modified

to obtain ZVS and to keep the switching frequency within a

reasonable range. Section V covers the control, emphasizing

how the inversion-based control is implemented in a FPGA.

Prototype description and experimental results are included in

Section VI. Finally, conclusions are discussed.

Along this paper, lower case variables (as iL) are time

variant and upper case variables (as IL) refer to the average

value over a switching cycle.

II. SINGLE-PHASE SINGLE-STAGE ARCHITECTURE

The power structure of this converter is depicted in Fig. 3.

It requires only one inductor, the output capacitor, the storage

capacitor, and three pairs of complementary switches labeled

as d, h and q. Switches q+ and q− are arranged in a

leg configuration, and d+, h+, h− and d− form a flying

capacitor structure with Cs, both supplied from the input
port. The inductor is in series with the output port, therefore
IL(ω t) = Io(ω t) + ICout

(ω t).
In this inverter, a discharge ratio is allowed in the storage

capacitor for the 120 Hz power imbalance. The storage

capacitor voltage can be calculated directly from the power

it handles at line frequency. Neglecting the effect of Cout and

assuming constant input current Ps(ω t) = Po(ω t)−Pg . For

resistive loads Ps(ω t) = −Pg · cos(2 ω t), then:

Vs(ω t) =

√
Pg · sin(2 ω t)

ω · Cs
+ Vs(0)2. (1)

Vs(ω t) is controlled to swing around 0.85·Vg = 340 V with

a 25% discharge ratio at nominal power (Vs ∈ [295, 380] V ),

therefore, the capacitance required is Cs = 90 μF .

Theoretical waveforms for the three ports at 1 kVA resistive

load are shown in Fig. 4. This voltage profile in the capacitor

is selected so that the maximum voltage is close to the input

Fig. 3. Single-stage inverter with the input, output and storage ports
highlighted. EMI and ground current filters are not included for simplicity.
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Fig. 4. Variables in the three ports for 1 kVA resistive load, Cs = 90 μF and
Vs = 340 V , neglecting the effect of Cout a) power b) voltage c) current.

voltage (400 V at full load) to minimize the indirect power in

the inductor, as will be explained in Section III, [16]. Also, the

discharge ratio is high to minimize the volume of the capacitor.

III. THEORETICAL MODULATION

This section describes how to obtain the desired Vo(ω t) and
constant input power by a specific modulation of the inductor

current. The theoretical modulation gives insight on the power

distribution among ports at switching cycle time scale, and,

above all, it is the basis to implement the proposed modulation.

The modulation of the converter is divided in operation
modes, which are combinations of switching states. Switching
states define the voltage applied to the inductor and the current

path. Operation modes shape the current waveform in the

inductor every switching cycle. Different operation modes are

used along the line cycle depending on voltages and currents

of the three ports.

In this section, the eight possible switching states are

described first, explaining how ZVS can be achieved from one

state to another. The operation modes are then introduced.

A. Switching States

Switching states define how the inductor is connected to the

three ports, determining the voltage applied to the inductor and

the instantaneous currents ig(t), is(t) and iL(t). A switching

state is defined by the configuration of the three complemen-

tary pairs of switches (d, h and q in Fig. 3). The 8 possible

switching states are shown in Fig. 5, named according to the

configuration of the switches with three numbers, [dhq]. A 1
indicates that the switch labeled with the superscript + is on

and the one with − is off. A 0 indicates the opposite. For

instance, [101] means d+, h− and q+ are on and d−, h+ and

q− are off.

With these 8 states, the voltage applied to the inductor can

take 7 possible values, vL−Vo = ±Vg; 0; ±(Vg−Vs); ±Vs.

Then, we can consider this a 7-level inverter, but, unlike other

multilevel inverters, the voltage levels are not constant as the

voltage in the storage capacitor changes along the line cycle.

In this topology, the inductor current is used for ZVS

purposes. To achieve ZVS transitions, the inductor current has

to discharge the parasitic capacitance of the MOSFET, Coss,

before it is turned on. However, ZVS is only possible when

this current has the correct direction, limiting the possible

transitions from one switching state to another. For positive

iL, ZVS transitions are only possible when d+, h+ or q+ are

Fig. 5. 8 possible switching states named according to the configuration of
the switches, [dhq]. Each switching state includes the voltage applied to the
inductor and its current path. Note that q+ and q− are not for unfolding
purposes.

opened whereas opening d−, h− or q− would lead to hard

switching. For negative iL, ZVS transitions are only possible

when d−, h− or q− are opened. Fig. 6 shows the transitions

that could achieve ZVS as a function of the direction of the

inductor current. Further details on how ZVS is achieved when

the inductor current is low are given in Section IV.

B. Operation Modes

An operation mode is a combination of switching states

repeated over time. Operation modes shape the inductor cur-

rent at the switching frequency, thus defining Ig(ω t), Is(ω t)
and IL(ω t). Different operation modes are required along the

line cycle, for example, a possible operation mode to provide

energy from the input and the storage capacitor to the output

would be the sequence [111] → [011] → [001] for positive iL

Fig. 6. Transitions that can achieve ZVS from one switching state to another
depending on the direction of the inductor current.
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(called Tra4+ in Fig. 7). However, this mode cannot be used

to deliver energy from the input to the storage capacitor.

As a brief review of what it is introduced in [23] and [26],

next paragraphs describe how operation modes are obtained

and when they are applied as it is essential to understand the

proposed modulation. The first consideration for the definition

of the operation modes is that the inductor current is used

to control two variables. Another consideration is the ZVS

capability. Only operation modes where the transitions from

one switching state to another can achieve ZVS, as shown in

Fig. 6 are considered. The inverter is operated in Boundary

Conduction Mode (BCM), hence, all operation modes are

defined to start and end with iL = 0 A, which implies

variable switching frequency with control based on the time

each switching state lasts. These times are called applied times
from now on. In general, BCM operation minimizes the energy

requirements of the inductor but implies higher rms current

[27]. BCM is required in certain operation modes where both

positive and negative inductor current must be applied in a

switching cycle. Fig. 7 shows the seven operation modes used

when the load is resistive.

The considerations described before lead to operation modes

that can be classified according to the inductor current shape:

• Trapezoidal positive modes: operation modes with pos-

itive inductor current in every switching state. Those

operation modes are used when IL(ω t) is positive and

high. For resistive load, the trapezoidal positive modes

are Tra3+ and Tra4+, as shown in Fig. 7.

• Trapezoidal negative modes: with negative current in

every switching state. These modes are symmetrical with

respect to trapezoidal positive modes, used when IL(ω t)
is negative and high.

• Triangular modes: composed of two switching states

with positive current and two with negative current. These

modes are generally applied when IL(ω t) is low. The

triangular modes used for for resistive load are named

T0, T1+ and T1−.

Fig. 7. Theoretical operation modes for resistive load showing the switching
states and the inductor, input and capacitor current (for arbitrary voltages
in the ports and target currents). Classified according to the three type of
waveforms, triangular or trapezoidal positive or trapezoidal negative.

Operation modes are restricted to certain ranges of voltages

(Vg , Vs and Vo) and currents (Ig , Is and IL). Both current

and voltage limits are important as they determine when an

operation mode can be used in the line cycle.

• Voltage limits: in trapezoidal positive modes, the voltage
applied in the first state must be positive and the voltage

of the last state negative, regardless the voltage in the

middle state. This condition limits the range of voltages

where an operation mode can work. Consider the mode

Tra4+, it can only work if Vg − Vo > 0 V for [111]
to have positive slope and −Vo < 0 V for [001] to

have negative slope. Similar limits apply for trapezoidal
negative modes and triangular modes to maintain the

BCM operation.

• Current limits: when the applied time of a switching

state tends to zero, the inductor current has a triangle

shape and other operation mode is required. That bound-

ary can be expressed in terms of Ig , Is and IL. For

instance, when the second switching state of Tra4+,
[011], lasts 0 s, then Is → 0 A.

According to these limits, operation modes can only work

under certain voltage and current conditions. However, there

are many operation modes that can be used for the same

voltage and current values. The criterion to choose which

operation mode to apply is the indirect power of the inductor.

The indirect power, as described in [23], is defined as:

PindL =
1

2 · T
∫ T

0

|vL(t) · iL(t)|dt. (2)

PindL represents the power stored or delivered by the induc-

tor in a switching cycle. For every possible operation mode,

PindL has been calculated within the boundaries of operation

of the mode. The theoretical modulation is the combination of

the operation modes with lowest indirect power. To illustrate

this concept, the indirect power of different operation modes

along the line cycle is shown in Fig. 8, together with the

current and voltages and the limits between operation modes

of minimum indirect power.
It is not enough with a plot along the line cycle to visualize

the ranges of Vg , Vs, Vo, Ig , Is and IL where operation

modes can work, as values are different under different

load conditions. It is more illustrative to plot these variables

in a normalized space where axis are Vo/Vg , Vs/Vg and

IL/(Ig + |IL|) since every operation point can be represented

in this space. A representation of how the ports variables of

Fig. 4 look like in this space is shown in Fig. 9 .a. A 2-D

cross section of this space for Vs = 340 V is shown in Fig. 9

.c, where operation modes and their boundaries are depicted.

Fig. 9 .b shows where this 2-D cross section fits in the 3-D

normalized space.
Resistive loads only require the operation modes shown

in Fig. 7, however, for capacitive or inductive loads other

modes are required, leading to a total of 15 operation modes

for Vs(ω t) > Vg/2. This 3-D plot is called mode selector
because it is used to determine which mode should be applied

depending on the three port variables.
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Fig. 8. Indirect power in the inductor, PindL, for all the possible operation
modes along the line cycle, for the voltages and current in the three ports
shown on top. The voltages and current conditions that separate the operation
modes with lowest PindL are highlighted with a dot in the voltage or current
plot. Only modes with the minimum indirect power are named.

C. Limitation of the Theoretical Modulation

With this modulation, the inverter can generate a sinewave

output current with constant input current for any load. How-

ever, this modulation cannot be implemented directly because

of the following limitations:

• ZVS cannot be obtained in the switching transitions in

which iL(t) = 0 A as there is no energy in the inductor.

• Switching frequency tends to infinity as the load de-

creases, as a result of the BCM operation.

• Switching frequency tends to zero in the frontiers be-

tween T0 and T1, and T1 and T2, when Vo tends to

±Vs or ±(Vg − Vs). In these regions, there are certain

switching states in which the voltage applied to the

inductor is close to 0 V . These states require extremely

long times to mantain the BCM operation.

To solve these problems the theoretical modulation is modified

as described in the following section.

IV. IMPLEMENTED MODULATION

The modes described above were obtained from a theoretical

point of view regarding the control of the power flow among

the three ports, however, considerations such as ZVS and

limits in switching frequency must be addressed for practical

implementation [28]. The proposed modulation introduces two

additional switching states when the inductor current crosses

0 A. These switching states guarantee ZVS transitions and

Fig. 9. Normalized current and voltage space. a) representation of the voltage
and current trajectory for 1 kVA resistive load b) 2-D cross section shown
below in the 3-D space c) operation modes and its boundaries in the 2-D
cross section at Vs = 340 V . The arrows in the intersection of the regions
represent how the frontiers change as Vs increases.

reduce the variations in switching frequency as it is described

along this section.

Fig. 10 shows how the switching states are added to every

operation mode. The switching state [111] is added when the

inductor current goes from negative to positive, [000] is used
when the current goes in the opposite direction.

The reasons to choose [111] over other switching states are:

• Transition from [111] to any other switching state can

achieve ZVS as long as iL is positive, as described in

Fig. 6. This is the transition labeled as ii in Fig. 10.

Fig. 10. Switching states added to perform ZVS. Operation modes have
these switching states between Ith and −Ith, outside this current range, the
operation modes are left unchanged. Tdead is not drawn for simplicity.
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• A transition from any other switching state to [111]
with negative iL can achieve ZVS too. This transition

is labeled as i in Fig. 10.

• [111] can be used all along the line cycle as its slope is

always positive regardless the voltages in the ports.

Likewise, transitions involving [000] can achieve ZVS given

the right inductor current direction (iii and iv) and its slope is

always negative.
So far, it has been assumed that the direction of the current

is enough to define ZVS, however, when iL ≈ 0 A that

assumption is no longer valid. Instead, there is a minimum

amount of current required to achieve ZVS. This minimum

current changes along the line cycle as its value depends on

the switching states involved in the transition, the voltages in

the three ports, the inductance value and Coss, [29]. These ad-

ditional switching states should start and end at this minimum

current level at least [30]. With the voltage across the inductor

before and after the transition and the time-related capacitance,

the minimum current and the dead time can be calculated. For

an inductance value of 80 μH and two GS66516T devices

from GaN Systems in parallel per switch the inductor current

required to obtain ZVS is between 0 A and 2.5 A along

the line cycle. 2.5 A is the worst case current required for

ZVS, therefore it is used to set the current limits where the

additional switching states are applied, this current level is

named threshold current, Ith and −Ith. With this threshold

current, the dead-time is selected to ensure complete ZVS

transitions, in this case Tdead = 250 ns.
The additional states and the threshold current influence the

rms inductor current and the range of the switching frequency

of the converter. Higher Ith means higher PindL and rms cur-
rent, but also lower maximum switching frequency. Under no

load conditions the converter practically works just switching

the additional states between Ith and −Ith. Therefore, the

maximum frequency is limited to approximately 562 kHz for

Vg = 450 V , Ith = 2.5 A and L = 80 μH . Finally, the

threshold current also limits the minimum frequency in the

frontiers between triangular modes, Vo ≈ ±(Vg − Vs) and

Vo ≈ ±Vs. In these regions, switching states with small slope

start with an inductor current of Ith rather than 0 A as in the

theoretical modulation, leading to a considerable reduction in

the applied times for the same average current. The effects

related with switching frequency limit how low Ith can be.

Then, even with switching devices with lower Coss, it is not

recommended to lower the value of Ith too much. In other

words, Ith is set by the most restrictive condition, either ZVS

or switching frequency range.
One important advantage of setting Ith and −Ith to the

same value is that the additional switching states have an

average current of 0 A. This implies that the addition of these

switching states does not modify the mode selector explained

in Section III. Therefore, the selected operation mode is not a

function of Ith, avoiding a more complex control strategy.
The 15 operation modes including the switching states [111]

and [000] between −Ith and Ith are shown in Fig. 11. The

proposed modulation ensures ZVS in all transitions at the cost

Fig. 11. Operation modes of the proposed modulation, showing the input and
capacitor current, classified according to the type of mode. For each mode,
the switching state and the applied times are depicted.

of higher rms current and higher number number of devices

switched per switching cycle, but also maintains the operation

frequency in a feasible range.

V. CONTROL AND FPGA IMPLEMENTATION

This section describes how to implement this modulation

and the control in an Artix-7 FPGA. A FPGA is considered

as parallel processing is more appropriate than sequential cal-

culations for this application. Also, many hardware interrupts

would be required if a micro-controller were used. The control

of this converter is implemented with two external loops, two

internal loops, the mode selector, the inversion based control

and a state-machine, as depicted in Fig. 12.

The inverter is controlled at variable switching frequency

and the variables Vg , Vs(ω t), Vo(ω t), Ig and IL(ω t) are

sampled once per switching cycle [31]. With these values, the

control times are calculated for the next switching cycle.

In three-port systems there are two control variables [32],

these variables are the output voltage and the storage capacitor

voltage in this inverter. As there are two variables to be

controlled, there are two main control loops. Inversion-based

control is used to calculate the control times based on the

output of the loops. Next paragraphs describe each one of the

stages of the control, [33].
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Fig. 12. Complete control scheme, including voltage and current loops, the inversion-based stage and the required auxiliary circuitry.

A. Control Loops

Besides output voltage control, the inverter has to maintain

constant input power. The storage capacitor voltage is con-

trolled to have a constant average value, as a result, in steady

state, the input and average output power over the line cycle

are equal because the average energy stored in the capacitor

does not change. This loop has a low bandwidth, making the

input power constant as the capacitor is allowed to have twice-

line frequency voltage swing.

For the output voltage loop, a proportional resonant con-

troller is used. The output voltage reference is internally

generated in the FPGA. For the storage capacitor voltage loop,

a PI controller with a bandwidth around 10 Hz is used to

keep the average capacitor voltage at 340 V allowing voltage

ripple. The output voltage controller sets the reference of the

inner inductor current loop and the storage capacitor voltage

controller sets the current reference for the input current loop.

Both current loops are fast PI controllers used to ensure that Ig
and IL follow their respective references. For faster dynamic

of the input current reference under load steps, active output

power estimation is used. This additional control stage requires

information of the input voltage, as it is a function of the

input current, Vg = 450 V − 20 Ω · Ig in this case, since the

specifications model the input with a voltage source in series

with a resistor. The average output power divided by the input

voltage is added to the input current reference. The output of

the current loops are the target Ig and IL, which is the input

of the inversion-based control stage.

B. Inversion-Based Control

This section explains how the inversion-based control relates

the target currents, Ig and IL, with the applied times, Ta−f .

In this inversion-based control the inductor current is modeled

through a set of equations in the FPGA, the voltages in the

three ports, Vg , Vs, Vo, the inductance value, L, and threshold

current, Ith, are required for this purpose. With these equations

the controller establishes a unique relation between target

currents and operation mode and applied times.

To relate the control times with the target currents, all

operation modes shown in Fig. 11 are modeled with the

generic waveform shown in Fig. 13. This generic waveform

can be described with the following system of equations:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎩

I1 = T1

T · (Ith + T1 · m1

2 )

I2 = T2

T · (Ith + T1 · m1

2 − T3 · m3

2 )

I3 = T3

T · (Ith − T3 · m3

2 )

I4 = T4

T · (−Ith + T4 · m4

2 )

I5 = T5

T · (−Ith + T4 · m4

2 − T6 · m6

2 )

I6 = T6

T · (−Ith − T6 · m6

2 )

(3)

Where T = Tnp +T1 +T2 +T3 +Tpn +T4 +T5 +T6. Tnp

is the time the inductor current takes to go from −Ith to Ith
in the state [111], Tnp = 2 ·L · Ith/(Vg − Vo), and Tpn is the

time the current takes to go from Ith to −Ith in the state [000],
Tpn = 2 · L · Ith/(Vg + Vo). With the average currents in the

switching states, I1−6 and the slope of the inductor current,

m1−6, the control times, T1−6, can obtained. Depending on

the operation mode, some of these times are used and some

are 0.

The flowchart of the inversion-based control is depicted

in Fig. 14. Once the operation mode is selected, the target

currents, I1−6, are calculated from Ig and IL. Then the times

in the waveform, T1−6, are determined from I1−6 and finally

T1−6 are associated to the applied times, Ta−f . Control times

are related with the waveform used to model the inductor

current, whereas applied times are associated with switching

states for the signal generation. The stages of the mode selector

and inversion-based control are detailed below:

• Storage capacitor current: first Is is calculated. The

inputs of the inversion-based control are the measured

voltages of the three ports and the target input and

inductor current. With this information, the current in the

capacitor is Is = (Vo · IL − Vg · Ig)/Vs.

Fig. 13. Control waveform for any operation mode. In this model, T4, T5 and
T6 are equal to 0 s in trapezoidal positive modes; for trapezoidal negative
modes, T1, T2 and T3 are 0 s; and for triangular modes T2 and T5 are 0 s.
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Fig. 14. Inversion-based control and mode selector flowchart from top to
bottom. It shows which parameters are involved in the calculation of each
of the variables. Lines are calculation steps and above each line the obtained
values are indicated.

• Mode selector: with Is, the operation region can be

identified, and therefore the operation mode, as depicted

in Fig. 9. For instance, for Vg = 400 V , Vs = 340 V ,

Vo = 300 V , Ig = 2.5 A and IL = 5 A, the operation

mode selected would be Tra4+. The mode selector is

implemented as a CASE statement.

• Slopes of the switching states: once the operation mode

is selected, the switching states used in the waveform

of Fig. 13 are known, and the slopes applied in each

state can be calculated, for example. For Tra4+, m1 =
(Vg − Vo)/L and m3 = −Vo/L. The inductance is a

constant value stored in the FPGA.

• Current calculation: I1−6 are obtained from Ig , Is,
IL, m1−6, and the operation mode. As explained in

Section IV, the average current of the switching states

added for ZVS is 0 A, therefore I1−6 are not a function

of Ith. For instance, in Tra4+ I1 = Ig , I2 = Is and

I3 = IL−Ig−Is. However, slope information is required

in Triangular modes, for instance I3 = (IL−Is) ·m1/(2 ·
m1 − 2 ·m3) in T0.

• Time calculation: as (3) is nonlinear, there is no simple

analytical solution to T1−6 as a function of m1−6 and

I1−6. Therefore, an iterative method is used. The pro-

posed method is the following fixed-point iteration:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T1[n] = I1 · T [n−1]

Ith+T1[n−1]·m1
2

T2[n] = I2 · T [n−1]

Ith+T1[n−1]·m1
2 −T3[n−1]·m3

2

T3[n] = I3 · T [n−1]

Ith−T3[n−1]·m3
2

T4[n] = I4 · T [n−1]

−Ith+T4[n−1]·m4
2

T5[n] = I5 · T [n−1]

−Ith+T4[n−1]·m4
2 −T6[n−1]·m6

2

T6[n] = I6 · T [n−1]

−Ith−T6[n−1]·m6
2

(4)

Where I1−6 and m1−6 are the values previously calcu-

lated and Ith is a stored value in the FPGA.

The problem of this method is that convergence is not

guaranteed and a large number of iterations may be

required to ensure high accuracy [34]. The number of

steps required and the convergence is determined, among

other things, by the initial value, T1−6[0], used in the

iteration process. Therefore, it is very important to start

with T1−6[0] as close as possible to the final solution. For

the initial iteration the values calculated in the previous

switching cycle are used since applied times do not

change abruptly from one switching cycle to the next

one. Then, the fixed-point iteration can be implemented

with few steps. For the experimental validation, a single

step has been used to reduce the number of operations,

thus saving computation time in the FPGA.

• Time assignation: T1−6 have to be assigned to their

corresponding Ta−f for the gate signal generation. This

step is only required because T1−6 do not correspond to

the same switching state in different operation modes.

For instance, T1 is assigned to Ta in Tra4+ but to Tb

in Tra2+ (see Fig. 11). Therefore, the last step of the

inversion-based control is to relate the control times, T1−6

from Fig. 13, with the applied times, Ta−f . The only

input required in this step is the operation mode.

• Previous time: since the fixed-point iteration is based on

the times used in the previous switching cycle, the values

of the last Ta−f have to be stored and then assigned to

T1−6[0] for the next switching cycle.

The disadvantage of modeling the current waveform through

equations is that the accuracy is limited. First, it is related

with the precision of the stored values, L and Ith. Voltages
are measured once each switching cycle and used for the next

switching cycle and they are assumed not to change along the

period, inducing some error. The delays in the current detector

induce some errors too, making the zero-crossing switching

states to have some offset, i.e. the states [111] and [000] for
ZVS start closer to 0 A and end further from Ith. Moreover,

the 250 ns dead time for ZVS is not included in the equations.

Other source of error is the fixed-point iteration of a single

step, meaning that T1−6 are not exact values. Nevertheless,

current loops can offset all these mismatches as long as they

are small. An advantage of the proposed modulation is that

Ta−f change smoothly from one cycle to the next, so those

mismatches change slowly and the current loops bandwidth is

enough to correct them. Fig. 15 shows the evolution of the

applied times along the line cycle for 1 kVA resistive load.

Fig. 15. Applied times for the ports values of Fig. 4, L = 80 μH and
Ith = 2.5 A, including the operation mode on top. The switching frequency
range is ≈ [30 175] kHz.
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Fig. 16. State machine used in all operation modes, representing the switching
states, applied times and inductor current waveform. The applied times
required to control different modes are included in Fig. 11.

C. State Machine

After the inversion-based control, a state machine generates

the signals to drive the switches with the information of

the operation mode and the applied times, Ta−f . The state

machine current waveform is shown in Fig. 16.

All the operation modes are divided in a sequence of ten

switching states (not including the transition states for dead-

times). The operation mode is required to know the 3rd, 4th, 8th

and 9th switching states. The 1st and 5th states are added for

ZVS purposes and to limit the frequency range as described

in Section IV. Current detectors are required to know when

the inductor current reach Ith and −Ith.
The output of the state machine is the value of the gate

signals for the six complementary switches.

VI. EXPERIMENTAL RESULTS

In this section, the prototype implementation is briefly

described. It is a scaled prototype for 400 V input voltage

at 1 kVA, 340 Vpeak output voltage at 60 Hz.
The prototype is shown in Fig. 17, with the different blocks

highlighted. The blocks are described below:

• Power stage: the inductor value is selected so that the

frequency of the inverter ranges from ≈ 30 kHz to

≈ 175 kHz at full load. This inductance also sets the

Fig. 17. 1 kVA prototype, showing the main blocks.

TABLE I
POWER STAGE COMPONENTS DESCRIPTION

Parameter Description
Inductor 80 μH , 2× RM10 3C95

Litz wire 200 strands � = 1.1 mm

Storage capacitor 90 μF , 216× TDK 2.2 μF 450 V X6S

Output capacitor 10 μF , 10× TDK 1 μF 450 V X7T

Switches 2× GS66516T 650 V 60 A

threshold current required to obtain ZVS at Ith = 2.5 A.

The component description is listed in Table I.

• Drivers: special care has to be taken when driving GaN

devices as they have low threshold voltage and low Qg .

The driver is designed following the recommendations of

the manufacturer [35].

• Voltage sensors: measurements of Vg , Vs(ω t) and

Vo(ω t) are implemented with differential amplifiers.

• Current sensors: Ig(ω t) and IL(ω t) are measured with

hall effect sensors rated at 10 A. These signals are filtered

at 100 Hz since ig(t) and iL(t) have switching frequency

components and the FPGA only samples once per cycle.

Current loops are designed taking this filtering effect into

account.

• Current detectors: digital signals detect when the induc-

tor current crosses Ith and −Ith. The current detectors

are implemented with a shunt resistor, then the signal

is amplified and compared with two references. These

digital signals are used in the state-machine in the FPGA.

The converter has been tested at full power, 1 kVA resistive

load, to validate the proposed modulation. Experimental results

are shown in Fig. 18, where the main voltages and currents are

displayed. Ig is almost constant because of the 120 Hz swing

in Vs(ω t), validating the functionality of the modulation and

control.

Fig. 18. Experimental results for resistive load showing the main waveforms,
the scales are 5 A/div and 200 V/div.
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To show how operation modes shape the inductor current,

a zoom of the waveform of Fig. 18 at different times of the

line cycle is shown in Fig. 19 .a, .b and .c. The multilevel

modulation can be identified in the voltage between the flying

capacitor structure and the switching leg, vL + Vo, in the

different operation modes. In Fig. 19 .b and .c, the minimum

value of the inductor current is equal to −Ith, however the

real value is not −2.5 A but lower, this is caused by the delay

from the current detection to the driver output. This effect

increases the rms inductor current but has negligible effect in

the control, as current loops compensate it.

In Fig. 19 .d a zoom of a switching transition from [111]
to [000] is shown, the drain-source voltages of all devices

change slowly in approximately 100ns, ZVS is performed

and no ringing is present. All along the line cycle, ZVS is

obtained in all transitions, validating the main advantage of

the proposed modulation. The losses of the power stage are

17.3 W , measured with Yokogawa WT1800. Auxiliary circuit

and FPGA consumption is 3.1 W . The output voltage THD

is below 3 %. Since the contribution of the paper is the

modulation and this proof of concept prototype is not built

for volume optimization, size breakdown is not included. EMI

filters are not included either.

VII. CONCLUSION

This paper describes a modulation for a single-phase, single-

stage inverter with full ZVS. The inverter implements energy

buffering and DC-AC conversion with reduced component

count and a single inductor.

The modulation is based on different operation modes along

the line cycle and controlled by an inversion-based control

implemented with a single step fixed-point iteration.

The theoretical modulation is modified to include two

switching states to every operation mode, to obtain ZVS

and keep the switching frequency in an appropriated range.

Fig. 19. Zoom of different points in the line cycle, a) T0, b) Tra3+ and
c) Tra4+ d) Zoom of a switching transition. The scales are 5 A/div and
200 V/div for .a .b and .c, and 10 A/div and 100 V/div in .d.

TABLE II
DC-DC POWER STAGE EFFICIENCY

ω t Pg Ps Po η|Ith cte
η|Ith dyn

[rad] [kW ] [kW ] [kW ] [%] [%]

0 1 −1 0 98.78 99.31

π/4 1 0 1 98.55 98.95

π/2 1 1 2 99.14 99.41

3π/4 1 0 1 98.50 98.95

The disadvantages of this modification are that the PindL

is increased and the inductor rms current is higher. Those

drawbacks could be reduced by dynamically adjusting Ith
and Tdead. These potential improvements have been tested

operating the inverter as a DC/DC converter (with a DC source

or a load instead of the storage capacitor) for Ith = 2.5 A in

one case and adjusting Ith to the minimum value for ZVS in

the other. The measured efficiencies for the power stage are

shown in Table II. These DC tests show how the efficiency

would be increased if the right dead time and current for ZVS

were applied in every cycle, however, this would require a

more sophisticated control.

How to design the EMI filter and the ground current filters

is not discussed in this paper for the sake of space. Note that

bulky filters may be required as the common mode voltage

may be larger compared to other topologies.

To summarize, the proposed converter has the following

advantages:

• Reduced power processed by the inductor and switches.

• Independent storage capacitor voltage and output voltage

control for constant input power.

• Valid from full load to no load and under inductive or

capacitive loads.

• Full-ZVS in all transitions along the line cycle.

The modulation, control and power stage have been ex-

perimentally validated obtaining 98 % efficiency and output

voltage THD below 3 % at full power.
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