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Abstract— Quasi-single-stage inverters (QSSI) attract
attention due to their simple structure and bidirectional
operation capability. However, in the buck-boost DC-DC
conversion stage, smooth transition, and efficient conversion
cannot be achieved when the output voltage is close to the input
voltage with the traditional two-mode control method. This is
due to the pulse width ratio limitations, and non-idealities of the
active and passive components. In this paper, a comparative
analysis of the mode transition techniques in QSSIs is presented
using methods available for DC/DC converters. The system
efficiency and output voltage signal quality are selected as the
performance metrics as they are important performance
parameters in many applications. A 2kW QSSI is controlled
using single-mode, two-mode, and three-mode modulation
techniques. Simulation and experimental studies are conducted
for validation. Based on these studies, it is concluded that the
single-mode modulation technique performed the best in
eliminating dead zone effects and reducing total harmonic
distortion (THD), whereas the two-mode modulation technique
achieved the highest system efficiency. The three-mode
modulation has superior performance on dead zone elimination
compared to the two-mode modulation and better system
efficiency than the single-mode modulation method.
Experimental results indicate that the three-mode modulation
achieved an efficiency of 91.12% with a THD of 3.73%.

Keywords— Quasi-single-stage inverter, four-switch buck-
boost converter, dead zone elimination.

I. INTRODUCTION

Global energy consumption increases by about 50% each
decade. In recent years, the demand for sustainable, green, and
efficient energy conversion has grown as a result of the rising
energy needs. According to a 2020 report by the IEA, fossil-
based energy makes up around 70% of total electricity
consumption, amounting to approximately 25,000 TWh [1].
Among the converters designed for energy conversion, there
is an ongoing effort to improve efficiency while reducing size
and cost. Certain power converters necessitate two types of
conversion processes: DC-DC and DC-AC. These converters
are commonly employed in applications such as renewable
energy, power supplies, and electric vehicles, where
adjustable AC output is required.

In a typical two-stage power inverter, a boost converter
steps up the voltage in the first stage, and an inverter is used
to generate the AC voltage in the second [2]-[4]. However,
these inverters have drawbacks such as complex control
structures, losses associated with the active and passive
components, increased costs, and larger sizes due to their two-
stage power conversion mechanisms. Other inverters like the
flyback [5], the Z-source [6], and H6 and HS8 [7] inverters
address the issue of leakage current. However, they encounter
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challenges such as complex transfer functions, only
supporting operation at unity power factor, and additional
power switching drawbacks, respectively.

To address the limitations of the aforementioned inverters,
quasi-single-stage (QSS) inverters have been proposed. These
inverters offer single-stage power processing with
straightforward PWM control, along with a reliable and highly
efficient power process, all while eliminating the need for a
DC-link filter [8]. In [9], proposed Four-Switch Buck-Boost
(FSBB) inverter combines a buck boost converter, which
produces a rectified sinus waveform, using a single phase
inverter. However, despite its simplicity, this converter faces
challenges in managing light load scenarios and regulating
reactive power flow. It also struggles with discharging the
output capacitor to control the voltage in the negative
direction, resulting in efficiency concerns due to the operation
of four active switches within one switching cycle [10].

- | Four-Switch Buck-Boost
Converter

Fig. 1. The four-switch buck-boost inverter circuit

The DC-DC section of the FSBB inverter switches
between buck and boost modes to produce a rectified sinus
wave for transition to the unfolding circuit [11]. However,
when performing with these modes, termed two-mode control,
when the voltage input matches the output voltage, a
continuous transition between states is not achieved. Methods
proposed in [12] address this for low-voltage converters, yet
issues persist due to duty cycle constraints and increased
voltage ripple, as discussed in [13]. While [14] proposes a
control method to mitigate this, efficiency is compromised.
These challenges, known as the "dead zone," stem from non-
ideal conditions and component disturbances, leading to poor
regulation and discontinuity around the equilibrium voltage
[15].

In [16], the converter works only in buck-boost mode to
prevent transition issues and eliminate disruptions from the
operational dead zone. While this prevents problems like
subharmonics and output voltage ripple, four switches
operating continuously in buck-boost mode significantly
reduces power conversion efficiency. The "Dead Zone
Avoidance and Minimization (DZAM)" control [17], utilizes



nonlinear state machine models ensuring fast and precise
converter regulation while addressing problems such as
subharmonics and increased output voltage ripple.

The approach used in [18] includes overlapping the buck
and boost states and adding a hysteresis band and an extra
buck-boost mode between the two modes, keeping the duty
cycle in both states. In [19], an interleaved four-phase method
is employed to minimize output voltage distortions and ensure
a smooth transition between modes, utilizing a 90° phase shift.
In [20], a technique is introduced that employs both step-down
and step-up processes during transitions by designating
particular duty ratios to each. In [21], control is carried out
with the model predictive detection of the modes without any
measurements instead of using separate control loops and
modulators for the switching states. The buck-boost mode
utilized in three-mode techniques removes discontinuities in
the transition area by directly implementing the buck-boost
mode within the dead zone region.

While many methods have been widely accepted in the
literature, particularly focusing on avoiding dead zones for
DC-DC applications, research regarding DC-AC applications
remains limited. Given that the AC output signal encounters
discontinuity every quarter period as the voltage goes from
zero to its peak and comes to zero again, it is more affected
compared to DC systems. Therefore, in this paper exploring
and applying current methods to compare the performance of
different mode transition techniques in DC-AC conversion
from a fresh perspective is targeted. The primary motivation
and state-of-the-art goal of the study is to investigate the dead
zone issue by operating the converter in inverter mode. The
single, two, and three-mode modulation techniques regarding
high-efficiency operation, THD performances, and dead zone
elimination capability are investigated and compared. The
paper is structured as follows: Section II introduces the circuit
analysis and operational principles of the FSBB inverter.
Section III elaborates on the origins of the dead zone and
explores methods to mitigate it. Section IV presents
simulation and experimental results. Finally, Section V
summarizes the findings and draws conclusions.

II. OPERATING PRINCIPLES OF THE FOUR-SWITCH BUCK-
BOOST INVERTER

The inverter system shown in Fig. 1 consists of an FSBB
DC-DC converter paired with a single-phase unfolding
inverter. This type of inverter is classified as a QSS converter,
capable of both buck and boost power processing with a single
simple circuit design. Compared to single- and two-stage
converters, this quasi-single-stage structure excels because it
has a larger output voltage and current range, less stress on a
single active element's voltage, and reduced input and output
harmonics. Moreover, compared to conventional two-stage
converters, the FSBB inverter has the benefits of increased
efficiency, less component needs, and inherent four-quadrant
operation.

Vin and V,,,; are input and output voltages, respectively as
shown in Fig. 1. The DC-DC stage of the selected inverter
consist of MOSFET’s switching at high frequency, S;~S,
with four corresponding body diodes, D,;~D,, to perform
buck and boost modes with an inductor L. Filtering capacitors
are positioned at input and output, respectively. The switches
operate synchronously within one stage. Whilst the switches
are turned off, the corresponding antiparallel diodes provide a
current path [22]. The inverter is linked to the FSBB in order
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to produce the DC-AC conversion. Its function is to flip the
polarity of an input signal to produce a sine wave. The
unfolding inverter is an H-Bridge inverter that works at twice
the AC signal frequency when the output voltage crosses zero.
As the single-phase inverter is only responsible for inverting
the rectified sinus waveform taken from the DC-DC
conversion stage, the inverter's operation and the choice of
passive components are specified.

The FSBB converter has four switches: the switches on the
left side are referred to as buck switches, while those on the
right side are known as boost switches. The FSBB can operate
in three conventional modes namely buck mode, boost mode,
as well as the buck-boost mode in one stage. The mode
selection depends ratio of the input and output voltages. Both
leg switches operate in a complementary conduction to
prevent shoot-through. In an ideal scenario, where the
inductor’s parasitic resistance, power switches, and active and
passive component losses are ignored, the gain of the
converter is governed by the voltage-second balance principle
of the inductor. The duty cycle of the S; switch is denoted by
d,, and the duty cycle of the S, switch is denoted by a d,. The
voltage gain of the FSBB represented as M, is expressed as
follows

M — Vout — dy (1)
Vin 1-d;

Fig. 2. Four switching modes of the FSBB. (a) Boost mode, (b) Buck mode,
(c) Bypassing mode, (d) Freewheel mode

The converter output voltage is adjusted based on the input
voltage by modifying d, and d, , which are the duty cycle
ratios for the buck and boost switches, respectively. This
allows for independent control over the voltage gain. As
indicated by (1), the desired voltage gain can be achieved with
various combinations of d; and d, respectively.
Consequently, the switching states, along with the current
paths for the states are highlighted by the color red presented
in Fig 2.

FSBB converter has four potential switching states whilst
buck, boost and buck-boost operations can be performed by
creating binary combinations with them. The traditional
operating modes shown in Fig. 2, along with their active
switching states and duty cycles are detailed in Table 1.



TABLE L SWITCHING STATES

Modes S1 S, S3 S Gain
Buck o o
Mode Switching Switching On Off d,
Boost o o 1
Mode On Off Switching  Switching 1-q
Buck- d
Boost Switching Switching ~ Switching ~ Switching L
1-d,
Mode

III. DEAD ZONE MITIGATION TECHNIQUES

The duty cycle of every switch in the FSBB topology must
be configured in accordance with the converter's operating
mode. Under ideal circumstances, there would be no time
delay or gap when transitioning from buck/boost to
boost/buck mode variations, except for unavoidable non-
idealities, such as erratic switching noises, disruptions in
circuit layout issues, and passive and active elements.
However, in practical scenarios, the transition between the
buck and boost states might lead to uncontrollability, even
because of the discontinuity brought on by gating circuits and
the switching time delay of switches [23]. This discontinuity,
due to the switching delay during mode transitions, can lead
to increased output voltage ripple when duty ratios near 0-10%
and 90-100%. By redefining (1) let’s introduce an additional
parameter, §, that denotes the gradient of a the line that defines
the functional relationship between the buck and boost modes
duties required for the output-to-input relation.

== 2)

According to (2), it can be seen that the slope § is
generated by separately adjusting the duty cycles of the boost
and buck switches. If the relationship between d, and d, is to
be shown graphically, d; can be placed as the abscissa and
1-d, as the ordinate, as in Fig. 3 for both ideal and actual
operation.
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Fig. 3. Two-mode operation with (a) Ideal and (b) Real operating
conditions

In Fig. 3(a), the slope and voltage gain of the dashed red
line are both 1. When the converter operates in buck mode, the
parameter 1-d, or d; 1is set to 1, while in boost mode,
d1d 1d1 is set to 1. This approach, known as the traditional
two-mode control [19], is considered ideal under perfect
conditions. However, as illustrated in Fig. 3(b), real-world
limitations affect buck and boost operations. The buck states
are represented by the AOE area highlighted in orange color,
the boost state by the KOB area highlighted in blue color, and
the inactive zone between two states is indicated by the OEFK
area highlighted with the red non-uniform rectangle. The area
between OE and OK are critical for operation, as they are

necessary to achieve the desired voltage gain when the output
voltage is near the input voltage [24].

There are various methods in literature to avoid dead zone
effect and with respect to active power losses, switching, and
complexity of the control circuit, each of these approaches has
advantages and disadvantages. This paper examines single
and three mode modulation methods for avoiding dead zones
based on their voltage ripple and efficiency. Using a full buck-
boost operation is the most straightforward way to prevent the
dead zone during operation. This technique is called "single-
mode modulation," which denotes that the FSBB converter
operates in the single mode for supplying the full voltage
conversion rate while utilizing all switches at once as in Fig.
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Fig. 4. Single-mode operation scheme

Hence, this mode avoids discontinuous voltage conversion
across the whole voltage range. Therefore the duty ratio D
varies between zero and one. By removing the dead zone, one
also removes the possibility of any further voltage fluctuation
after the level of input-output voltage equivalence is reached.
Nevertheless, this modulation technique has been analyzed in
[25], for low voltage, the system attains a maximum efficiency
of 72%. While the output voltage rises, the efficiency of the
system degrades. As all the switches are switching for all
operating ranges, switching losses lead to a decrease in
converter efficiency.
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Fig. 5. Three-mode operation scheme
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Although the single modulation technique is successful in
eliminating dead zones, a technique that eliminates
discontinuity, has low power loss, and low control complexity
can be obtained to address its disadvantages. Called three-
mode modulation [26], this technique pushes the high
efficiency of traditional two-mode modulation to the limits
and then creates an operating mode that combines it with the
dead zone elimination capabilities of the buck-boost mode. As
seen in Fig. 5, the buck mode operates up to the limit value,
then the buck-boost mode operates in the dead zone, and
finally, the boost mode completes the entire cycle.

The buck-boost operation during the mode transitions is a
downside of the three-mode modulation approach. To operate
in the boost or buck mode, solely two MOSFETs need to be
operating at each cycle. However, in the buck-boost mode, all
the MOSFETs are switching and the losses are switching
dramatically increase [27].

The efficiency of the system is calculated by considering
the losses arising from passive components, active elements,
and semiconductors should be taken into account separately
and subtracted from the total. Passive components’ losses can
be obtained by modeling the non-idealities of the capacitor
and inductor. Although the losses occurring on the
semiconductor side may vary depending on the circuit used,
they generally consist of diode and switch losses. These are
further detailed as switching and conduction losses and
separately calculated. Diode losses also take place during the
switching. Similarly, diode losses are also separately
calculated as reverse recovery and conduction losses. The
calculation methods used here apply to both MOSFETs and
diodes in the analyses. The calculation methods used in [28]
are applied to both MOSFETs and diodes in system efficiency
calculation analyses.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The QSSI is built and tested in both a lab setting and a
computer environment to verify, compare, and prove the
efficacy of the two mentioned methods over the single-mode
and two-mode modulation methods. The inverter design relies
on active and passive circuit components, including the input
and output capacitors (Ci, and Cou), the inductor (L), and the
semiconductor switching devices (S,). "Selecting the values
for these components is complex, involving numerous criteria.
The inductor design depends on factors such as maximum
power, maximum current, inductance, voltage exposure, and
switching frequency. When choosing input and output
capacitances, the worst-case scenario should be accounted for
each component. For selecting MOSFETs, it's essential to
know parameters like the on-state resistance, maximum drain-
source voltage, maximum ambient temperature, and
maximum junction temperature. Considering all performance
and operational limitations, the chosen components are a 40
pH inductor, 4 pF capacitors for both input and output, and
SiC power MOSFETs designated C3M0065090J. The 2-kW
inverter system features a 200 VDC input and 220 VRMS
output, and both simulation and real-time applications use the
same parameters, including a 100 kHz switching frequency, to
compare the dead zone techniques. To ensure a fair
comparison of all modes same conditions are applied
consistently to both the experimental setup and the
simulations. Fig. 6 illustrates the model built in the PSIM
platform while Fig. 7 shows the prototype of the FSBB
inverter system used for experimentation.

The test setup, measurement, and power supply equipment
include the following components: 1. The prototyped QSSI. 2.
Texas Instruments TMS320F28379D LAUNCHPAD for
circuit control and communications. 3. AMETEK SGX series
DC power supply to provide input DC power 4. Tektronix
A622 current probes are used to measure the currents. 5.
Pintek DP25 differential voltage probes for output voltage
measurements. 6. Resistive load bank with adjustable settings
to achieve the desired loading, and 7. Tektronix MDO3000
scope is used to observe and acquire the resulting waveforms.
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Fig. 6. Simulation circuit of the FSBB inverter
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Fig. 7. Experimental setup of the FSBB inverter

The QSSI operates in an open-loop manner in all cases,
meaning there is no feedback control system to regulate the
output voltage or produce a pure 50 Hz sine wave. Initially,
the traditional two-mode operation is used: if the output
produces less than 200 V, the inverter functions solely as a
buck converter; output exceeds 200 V, the inverter operates
exclusively as a boost converter. On the other hand, due to
inherent limitations on the duty cycle, the inverter struggles to
operate as desired neither in buck nor in boost modes when
producing voltage around 200 V. When the inverter generates
a sine wave, and the output voltage gets close to 200 V the
duty cycle of the buck converter reaches the maximum level
of 90%. From this operating condition the mode changes to
the boost mode where the minimum duty cycle is 10%. During
this commutation period, a discontinuity occurs and the output
signal becomes distorted. In contrast, as expected, when the
inverter operation mode is selected as single mode, it solely
operates as a buck-boost converter, and the resulting
waveforms are free of distortions. Finally, when the operating
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mode is the three-mode one, waveforms become smoother
during the mode commutation. The process begins in buck
mode and shifts to buck-boost one when the voltage levels of
the input and output are close. During this phase, despite some
slight ripple, the operation continues down to the lower limit
of the boost mode after the mode transition is complete.
Compared to single-mode control, the lossy buck-boost
operation is limited, enabling the converter to be controllable
within the dead zone, resulting in smoother transitions
between modes.

Fig. 8, 9, and 10 show the zoomed-in voltage behavior in the
dead zone obtained when the output voltage is desired to be
sinusoidal from experimental tests for the single, two, and
three mode modulation techniques, respectively. After
examining the operating modes of the inverter, comparisons
of the inverter's performance parameters regarding efficiency
and THD are listed in Tables 2 and 3, respectively, based on
simulation and experimental results.

Tekstop | I T 1 S
[T}
24
iiiioo.ov OUTPUT VOLTAGE 2.00ms S0.0MS/s @B/
@ 300V INPUT UOL TAGE W+v4.720000ms 1M points 0.00v

Fig. 8. The output and input voltage of single-mode modulation
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Fig. 9. The output and input voltage of three-mode modulation
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Fig. 10. The output and input voltage of three-mode modulation

TABLE II. SUMMARY OF THE SIMULATION RESULTS
Modulation Efficiency at THD at full- Elimination of
Technique full-load load the Dead Zone
Single-Mode 91.09% 0.29% Yes
Traditional o o
Two-Mode 93.05% 1.64% No
Three-Mode 92.64% 0.63% Yes

TABLE IIL SUMMARY OF THE EXPERIMENTAL RESULTS
Modulation Efficiency at THD at full- Elimination of
Technique full-load load the Dead Zone
Single-Mode 87.81% 3.46% Yes
Traditional o o
Two-Mode 92.44% 4.62% No
Three-Mode 91.12% 3.73% Yes

The experimental and simulation results are proportionally
similar; however, due to environmental effects and other non-
ideal conditions, the simulation results naturally show higher
efficiency and lower distortion across all modes. Therefore, it
may be reasonable to make an interpretation based only on
experiments.

Single-mode modulation achieves a pure sinusoidal
waveform, meaning the dead zone is completely eliminated,
but its THD suffers by 3.46% due to dominant third
harmonics, and consequently, its efficiency falls below 88%
at full load. In traditional two-mode modulation, a significant
THD value exceeding 4% is noticeable. Despite achieving
good performance with an efficiency of 92.44%, the dead
zone occurring when the mode transitions leads to distortions
in the output waveforms. However, the three-mode performs
better than the mentioned methods by reducing the dead zone
and ensuring smoother transitions. The ripple and efficiency
issues are reduced but still persist due to the parasitic effects.

V. CONCLUSION

This article investigates a four-switch buck-boost quasi-
single-stage inverter’s dead zone issues, focusing on its
efficiency and output voltage distortion. Unlike other studies,
this research provides a different perspective by examining the
dead zone that occurs in FSBB-type converters not only in
terms of DC-DC conversion performance but also in terms of
inverter operation. This perspective introduces a novel
examination approach to the literature by analyzing the
converter within the framework of DC-AC operations. It is
aimed to identify the root cause of the dead zone during the
commutation between the step-down and step-up operations
and to determine an effective modulation scheme to eliminate
it. Two different dead zone elimination methods with
traditional two-mode control are compared to mitigate the
dead zone and are thoroughly examined by outlining their
operation schemes. The real-time experimental and simulation
results were in a similar direction, the three-mode modulation
emerged as the superior method among the single and
traditional two-mode modulation techniques. According to the
results for three-mode modulation at full load scenario, it had
92.64% efficiency and 0.63% THD value for simulation, and
91.12% efficiency and 3.73% THD value in real-time
application. In terms of both simulation and experimental
results, three-mode modulation offers superior values in terms
of efficiency to single-mode modulation and THD than two-
mode modulation. Future work will include the effect of the
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frequency variation on the efficiency and the electromagnetic
interference performance.
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