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Abstract: This paper presents a single-phase Full-Bridge (FB) inverter with a hybrid commutation
technique designed to reduce the harmonic distortion caused by the loss of the controller capability
around the zero-crossing point in the unipolar commutation region. The hybrid modulation changes
from unipolar to bipolar commutation under the loss of the reference control, improving the robust-
ness and efficiency of the method. The commutation technique improves the switching performance
and reduces the switching losses. Simulation models are developed in MATLAB/Simulink R2023b to
evaluate their performance under different operating conditions. The results show that the proposed
commutation technique can achieve high efficiency, low total harmonic distortion (THD), and fast
dynamic response. The experimental implementation of sliding mode control (SMC) implemented
in an STM32 microcontroller confirms that the hybrid commutation technique can reduce the THD
by 0.96 percentage points for local (off-grid) loads and up to 2.45 in an industrial grid-tie network,
compared with unipolar commutation. These findings highlight the potential of the proposed modu-
lation technique for applications like solar panels and offer crucial insights for ongoing research and
development in this field.

Keywords: Full-Bridge; sliding mode control; zero crossing distortion; inverters; microinverter;
grid-tie; unipolar; bipolar

1. Introduction

Single-phase Full-Bridge (FB) inverters are crucial components in a variety of power
electronic applications, such as motor drives and uninterruptible power supplies (UPS),
and increasingly used in energy systems. In these latter applications, FB inverters play a
key role in cases where it is necessary to convert direct current (DC) to alternating current
(AC) that is compatible with the load or the electrical grid [1,2]. In particular, FB inverter
topology is highly valued for its efficiency, robust power capacity, reliability, and versatility.
FB inverters operate through two main commutation methods: unipolar and bipolar [3].
Bipolar commutation is generally preferred for its simplicity, design flexibility, and robust
stability [4]. On the other hand, unipolar commutation is favored in scenarios where
reducing the filter size and minimizing switching losses are priorities. These reductions
are achieved by decreasing the number of switch transitions per cycle, which enhances the
overall efficiency [5]. However, unipolar commutation presents several critical challenges;
it is particularly susceptible to zero-crossing distortion (ZCD), which significantly affects
the quality of the output current [6–8]. This issue increases the total harmonic distortion
(THD) and affects tasks such as reactive power injection [6].

Zero-crossing distortion is a major issue in unipolar commutation for current control,
regardless of the control strategy implemented. This distortion occurs when the slope of
the actual current is less than the reference current slope in the vicinity of zero-crossing
points, leading to more low-frequency harmonics, which harm inverter performance [9].
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Several methods have been proposed to address this problem, for example, adjusting the
hysteresis band width, adding dead bands at zero-crossing points, and using phase angle
compensation to correct the current trajectory [9–11]. Advancements in correcting ZCD have
introduced techniques such as mixed modulation, which combines the advantages of bipolar
and unipolar commutations to reduce the THD. A promising development has involved
decoupling the traditional single-phase FB inverter into two independent half-bridge units,
eliminating ZCD issues without substantial hardware overhauls [12]. However, implementing
this control is complex because it requires precise predictions of the common-mode voltage
(uMN) and heavily relies on accurate knowledge of circuit parameters.

Other approaches include combining unipolar and bipolar commutation and the use
of the discontinuous conduction mode operation with elaborated control strategies [13,14].
In [13], the authors propose to operate the converter in unipolar commutation when the grid
voltage is greater than half of the DC bus voltage; consequently, the FB inverter operates
in bipolar commutation around the zero-crossing region. However, the authors do not
provide a clear justification for selecting this criterion. Furthermore, the strategy to switch
from unipolar to bipolar commutation proposed in [14] depends on the angles of the grid
voltage and the injected current; however, it is not clearly explained. Additionally, the
system stability of the FB inverter with the proposed control systems is not analyzed in [13]
or in [14]. In [6], the authors use a PWM technique to generate the switching signals along
with a strategy for switching between unipolar and bipolar commutation. The inverter
considered in the study is designed to operate with power factors other than one; therefore,
default commutation is unipolar, switching to bipolar when the injected current and grid
voltage have opposite signs. However, the authors did not perform stability analysis. Even
more, the inverter topology has an additional switch when compared with the FB topology.
In the literature, other approaches to reduce ZCD in FB inverters can be found. Some focus
on complex control techniques, such as state trajectory prediction, which can reduce ZCD
and improve the dynamic response of the inverter [15]. Other authors propose using two
power converters cooperating [16], different commutation strategies [17], or additional
switches with complex control strategies [18].

Despite all these innovations, the strategies do not fully consider the critical transition
points between the commutation modes, which is essential to optimize performance and
reduce distortion [19,20]. Moreover, although these developments represent significant
improvements, they often require complex control strategies or hardware adjustments,
which pose challenges to practical implementation [21–24]. To address these issues, this
paper proposes a hybrid commutation technique that merges the strengths of both unipolar
and bipolar methods to effectively mitigate ZCD with a more straightforward and adaptable
control approach. The main contribution of this paper lies in the development and analysis
of a hybrid modulation technique designed to effectively mitigate zero-crossing distortion
(ZCD) for an FB inverter with a sliding mode controller. This approach integrates a detailed
analysis of SMC, specifically the transversality and reachability conditions. In doing so, it
allows for the precise calculation of the critical angles at which control is lost, providing
a solid foundation for the control strategy. Analytical results obtained from this paper
offer specific guidelines for the design of a hybrid controller capable of transitioning
between unipolar and bipolar commutation to mitigate the issues associated with ZCD.
Unlike methods that rely on complex modulation algorithms or control strategies, ours
favors simplicity and intuitiveness, ensuring superior functionality. Our technique does
not require hardware modifications, making it highly adaptable and suitable for a broad
spectrum of power electronic systems and applications. The inherent adaptability of this
technique also greatly simplifies the tuning and optimization processes. This reduction in
complexity significantly reduces the time and effort required for optimization, making it an
attractive option for existing hardware designs. The implementation in the STM32G474RE
microcontroller, taking advantage of high-frequency timers and built-in analog comparators,
confirms the high performance and practical usability of this method.
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This paper is structured as follows: Section 2 establishes the groundwork by explaining
the operational principles of the Full-Bridge inverter, focusing on unipolar, bipolar, and
hybrid commutation methods. Section 3 introduces the proposed control strategy, exploring
the analysis of the SMC of the inverter, which includes assessing its stability and offering
design guidelines. Section 4 presents simulation and experimental results that demonstrate
the efficacy of the proposed method, specifically in terms of ZCD mitigation, THD reduction,
and dynamic response. This paper concludes with Section 5, summarizing the key findings.

2. Full-Bridge Inverter Operation

The grid-connected Full-Bridge inverter with an LCL filter used in this paper is
presented in Figure 1, where VB represents the DC bus the inverter is connected to; vG
represents the voltage imposed by the grid; Sp, Sn, Sne, and Spe are the switches; and Up,
Un, Une, and Upe are the corresponding switching signals, and Dp, Dn, Dne, and Dpe are
the diodes associated. Moreover, the LCL filter is composed of an inductor L, a capacitor
C, and a choke filter inductor L f , while RL and R f are the parasitic resistances of L and
L f , respectively.

The output voltage signal and the modulation for the three operational modes of the
Full-Bridge (FB) inverter are presented in Figure 2. The first mode utilizes the FB topology
with unipolar commutation (FB-U) (Figure 2a). The second mode employs the FB topology
with its conventional bipolar commutation (FB-B) (Figure 2b), and the third one combines
the unipolar and bipolar commutation (Figure 2c).

Figure 1. Full-Bridge inverter for on-grid applications.

Figure 2. (a) Inverter output voltage, (b) unipolar modulation, (c) bipolar modulation, and (d) hy-
brid modulation.

The dynamic equations that describe the operation of the FB inverter for all operating
modes are introduced in (1), where i(t) and iF(t) are the currents of L and L f , respectively;
v(t) is the voltage of the capacitor; and u(t) is the control signal, which would depend on
each mode as described next.

di(t)
dt

=
1
L
(−RLi(t)− v(t) + u(t)VB)

dv(t)
dt

=
1
C
(i(t)− iF(t)) (1)

diF(t)
dt

=
1

LF
(v(t)− RFiF(t)− vG(t))
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2.1. Inverter Operation with Unipolar Commutation (FB-U)

In unipolar commutation, one switch remains ON during the half cycle of vG (Spe
or Sne), and the other commutates according to the switching signal determined by the
controller (Sp or Sn). Therefore, there are fewer commutation losses in Spe and Spe [9].
The FB-U inverter has two operating modes: Mode 1 and Mode 2 accord to positive and
negative semi-cycles of vG, respectively.

In Mode 1, the operating switches are Sp and Spe, where Spe is ON and Sp commutates
(see Figure 3). On the one hand, when Sp is ON, iL (red dotted line) flows through VB, Sp,
and Spe to charge L, C, and L f , as shown in Figure 3a. On the other hand, when Sp is OFF,
iL flows through Spe and the diode of Sn to discharge L, C, and L f (see Figure 3b).

Mode 2 is illustrated in Figure 4. In this mode, Sn commutates and Sne remains ON.
When Sn is ON, iL (blue dotted line) flows through VB, Sne, and Sn to charge L, C, and L f ;
and when Sn is OFF, iL flows through Sne and the diode of Sp to discharge L, C, and L f .

In operation, as a unipolar inverter, the control signal u(t) is defined as shown in
(2) and (3) when operating in Mode 1 and Mode 2, respectively. These equations also
explain the states of the four switches for each value of the control signal.

u(t) =
{

1 (Up = ON Une = OFF Un = OFF Upe = ON)
0 (Up = OFF Une = OFF Un = OFF Upe = ON)

(2)

u(t) =
{

0 (Up = OFF Une = ON Un = OFF Upe = OFF)
−1 (Up = OFF Une = ON Un = ON Upe = OFF)

(3)

(a) Up = 1 (b) Up = 0

Figure 3. Unipolar commutation in the positive half cycle of vG.

(a) Un = 1 (b) Un = 0

Figure 4. Unipolar commutation in the negative half cycle of vG.

2.2. Inverter Operation with Bipolar Commutation (FB-B)

In this operation (Mode 3), the four switches operate during the positive and negative
half cycles of vG; hence, there are two possible states for the switches, as shown in Figure 5.
When Sp and Spe are ON (Sn and Sne are OFF), iL (green dotted line) flows through VB, Sp,
and Spe. If vG is positive, then L, C, and L f are charged; otherwise, they are discharged. A
similar analysis can be performed when Sn and Sne are ON (Sp and Spe are OFF), where L,
C, and L f are charged if vG is negative and discharged otherwise.
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It is important to note that all the switches operate at the same frequency with this
modulation; hence, the commutation losses are greater regarding unipolar modulation [9].
The control signal u(t) and the switch states are defined as shown in (4).

u(t) =
{

1 (Up = OFF Une = ON Un = OFF Upe = OFF)
−1 (Up = OFF Une = ON Un = ON Upe = OFF)

(4)

(a) Up = Upe = 1 and Un = Une = 0 (b) Up = Upe = 0 and Un = Une = 1

Figure 5. Bipolar commutation for all the ranges of vG.

2.3. Inverter Operation with Hybrid Commutation (FB-H)

In the hybrid commutation mode, the bipolar and unipolar methods are combined.
The FB-U mode is enabled most of the time, while the FB-B mode is enabled only around
zero-crossing points. The possible operation modes for hybrid commutation follow the
modes described for FB-U and FB-B in Equations (2)–(4). However, to manage the transition
between the two commutations, a 2:1 multiplexer is used, and the decision on where to
switch will be further studied in the following section.

3. FB Inverter Control Strategy

FB-U and FB-B operations offer distinct advantages and drawbacks. On the one hand,
an FB-U inverter reduces the switching losses since only one transistor operates at high
frequency, while a second transistor remains active [4,25]. However, this method presents
control problems in the zero-crossing region increasing the THD.

On the other hand, when the inverter operates as FB-B, stability conditions are ful-
filled even around zero crossing of i(t). Nevertheless, this mode requires two transistors
operating at high frequency, which increases commutation losses and reduces the system
overall efficiency and lifespan [26].

The hybrid strategy aims to combine the strengths of both operating modes and
mitigate their drawbacks. This method alternates between FB-U and FB-B modes; thus, the
inverter predominantly operates in FB-U mode to reduce switching losses and changes to
FB-B mode only in the time windows when FB-U cannot guarantee the system stability.
This approach improves inverter efficiency and reliability, guaranteeing the system stability.

This section begins by presenting the control scheme. Following that, a thorough
analysis of the proposed sliding mode control is provided to identify the optimal ranges for
unipolar and bipolar commutations. This is followed by a subsection providing guidelines
to recommend the correct choices for the design parameters.

3.1. Control Scheme Functionality

The control scheme for the Full-Bridge inverter, as presented in Figure 6, receives
two measured signals: the inductor current i(t) and the grid voltage vG. Additionally, it
utilizes three control parameters: the critical angle (ϕ), which would be used to switch from
FB-U to FB-B and is deduced in the next subsection; the peak current reference (irp); and
the amplitude of the hysteresis band (H). The functionality of the proposed control can
be organized into three main blocks: operation mode, control strategy, and sliding mode
control (SMC).

The operation mode block encompasses the three distinct operational modes of the
inverter: FB-U operation during the positive half cycle (FB − Up), FB-U operation during
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the negative half cycle (FB − Un), and FB-B operation (FB − B). These modes are mathe-
matically represented by Equations (2)–(4), as detailed in Section 2. The block receives the
control signal u from the SMC block and outputs the signals Up, Un, Upe, and Une.

Figure 6. Control strategy blocks.

The hysteresis block generates the control signal u(t) by using two comparators and an
SR flip-flop. This block takes the unitary sinusoidal signal from the Phase-Locked Loop
(SPLL) and multiplies it by the peak current signal irp to create a reference current (ire f ).

Moreover, the control strategy block receives the PLL output and the critical commuta-
tion angle ϕ to determine the appropriate inverter operation mode through a multiplexer
“MuxFB-U/FB-B”. This block determines whether the inverter should operate in FB-U or
FB-B mode by comparing the PLL output and the cosine of ϕ. This comparison ensures
that the Full-Bridge mode is active only in the region where the reachability condition is
not fulfilled by the FB-U mode. Additionally, when operating in FB-U mode, the sign of
the PLL signal indicates whether the inverter is in the positive or negative half cycle, thus
determining the FB-U operational mode between FB − Up and FB − Un.

3.2. Sliding Mode Control Analysis

The sliding mode theory is selected for the controller design due to its fast dynamic
response, robustness to parameter variations, and simple implementation with analog
or digital circuitry [25]. Compared with other reported controllers, such as boundary
control, which is known for its higher efficiency, but is more complex to implement and
tune, SMC is straightforward. Model predictive control (MPC) offers good optimization,
but is computationally intensive and provides a narrower bandwidth, making SMC more
efficient and practical. State-trajectory control requires detailed system modeling and
precise measurements, increasing complexity and computational costs, whereas SMC
effectively handles uncertainties with simpler implementation. Figure 6 introduces the
proposed sliding mode controller for the FB with unipolar and bipolar commutations.

Compared with boundary control, which is reported to have higher efficiency but
is more complex to implement and tune, SMC is straightforward [5]. Model predictive
control (MPC) offers good optimization, but is computationally intensive and provides
a narrower bandwidth, making SMC more efficient and practical. State-trajectory con-
trol requires detailed system modeling and precise measurements, increasing complexity
and computational costs, whereas SMC effectively handles uncertainties with a simpler
implementation [15].

This subsection begins by defining the sliding surface and then evaluating the condi-
tions of transversality and reachability for all the operation modes of an FB inverter.
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3.2.1. Sliding Mode Surface

The switching function (S) and the sliding surface (Φ) defined for the SMC of the Full-
Bridge inverter are presented in (5) and (6), where i(t) is the current through L (see Figure 3),
and ir(t) is the sinusoidal reference with amplitude Ip and angular frequency w, as shown
in (7). Additionally, ir(t) is in phase with vG(t), which is defined as vG(t) = Vpcos(ωt),
where Vp is the voltage amplitude and ω is the grid angular frequency. Hence, w is the
same for both ir(t) and vG(t). At this point, it is important to mention that i(t) = iF(t) in
steady state, according to (1); therefore, controlling i(t) is possible to control the current
injected into the grid.

S(t) = i(t)− ir(t) (5)

Φ = {S(t) = 0} (6)

ir(t) = Ip cos (ωt) (7)

The time derivative of S is introduced in (8), where u = [1, 0], u = [0,−1], and
u = [1,−1] when the FB operates in Mode 1 (i.e., vG(t) > 0), Mode 2 (i.e., vG(t) < 0), and
Mode 3 (i.e., 0 < vG(t) < 0), respectively. This derivative is used to analyze the stability
conditions of the SMC, which correspond to transversality and reachability [26].

dS(t)
dt

=
−RLi(t) + VBu − v(t)

L
+ Ipω sin (ωt) (8)

3.2.2. Transversality Condition

This condition evaluates the possibility of modifying the trajectories of the system with
the two states of the control signal u. Therefore, it is necessary to calculate the derivative of
dS/dt with respect to u, as shown in (9). This expression indicates a positive transversality
considering that VB and L are positive; therefore, an increase in u produces an increment in
dS/dt and vice versa.

d
(

dS(t)
dt

)
du

=
VB
L

(9)

Taking into account the two operating modes of FB-U, the behavior of dS/dt is de-
scribed below and is considered for the reachability analysis:

• Mode 1: u = 1 then dS/dt > 0 and u = 0 then dS/dt < 0;
• Mode 2: u = 0 then dS/dt > 0 and u = −1 then dS/dt < 0

For FB-B, only one mode is exhibited. A positive value of u leads to an increase in
dS/dt and a negative value of u leads to a decrease in dS/dt.

• Mode 3: u = 1 results in dS
dt > 0, while u = −1 leads to dS

dt < 0

3.2.3. Reachability Condition

This condition evaluates the capacity of the system to reach the desired surface
(Φ = {S = 0}) when S > 0 and S < 0, and it is described in (10) and (11) for Mode 1
and Mode 2 of FB-U, respectively.

lim
S→0−

dS
dt

> 0 → u = 1 ∧ lim
S→0+

dS
dt

< 0 → u = 0 (10)

lim
S→0−

dS
dt

> 0 → u = 0 ∧ lim
S→0+

dS
dt

< 0 → u = −1 (11)

For FB-B, the necessary condition to reach the desired surface Φ when S > 0 and S < 0
is defined in (12) as follows:
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lim
S→0−

dS
dt

> 0 → u = 1 ∧ lim
S→0+

dS
dt

< 0 → u = −1 (12)

Replacing (8) into (10) for u = 1 and (8) into (11) for u = −1 results in the same
inequality shown in (13), which is valid for Mode 1, Mode 2, and Mode 3.

Ipω sin (ωt) +
−RLi(t) + VB − v(t)

L
> 0 (13)

Moreover, assuming that the system is controlled in steady state, then i(t) = ir(t) =
Ipcos(ωt), and the average current through the capacitor is 0 A; therefore, i(t) ≈ iF(t),
which can be used to define the average capacitor voltage, as shown in (14), where
Vc = Vp + RF Ip.

v(t) = (Vp + RF Ip) cos ωt = Vc cos ωt (14)

Now, solving VB from (13), it is possible to obtain (15), which indicates the restriction
for VB when the inverter is operating with u = {1,−1}. Take into account that such a
restriction is a sinusoidal function; hence, (15) is met for any time if restriction (16) is
fulfilled. It is important to note that this conditions ensures the reachability for bipolar
commutation. That is, if the DC link voltage satisfies Equation (16), FB-B ensures control
stability across all values of ωt. However, for unipolar commutation, this restriction is
necessary (but not sufficient) to guarantee the reachability.

VB >
√
(RL Ip + Vp)2 + (LIpω)2 cos

(
ωt + tan−1

(
LIPω

RL Ip + Vc

))
(15)

VB >
√
(RL Ip + Vp)2 + (LIpω)2 (16)

Furthermore, for unipolar commutation, replacing (8) with (10) and (11) for u = 0
results in the inequalities shown in (17), where the right and left sides of the inequalities
apply to Mode 1 (vG(t) > 0 V) and Mode 2 (vG(t) < 0 V), respectively.

0 < Ipω sin (ωt) +
−RLi(t)− v(t)

L
; & Ipω sin (ωt) +

−RLi(t)− v(t)
L

< 0 (17)

Now, assuming that the system is controlled in steady state (i.e., i(t) = ir(t) =
Ipcos(ωt) and v(t) = Vccos(ωt)), it is possible to obtain (18), where the inequality on the
right applies to Mode 1 (vG(t) > 0 V), while the inequality on the left applies to Mode 2
(vG(t) < 0 V). Writing (18) as a single cosine function results in (19), where A1 = LIpω,

A2 = RL Ip + Vc, A3 =
√

A2
1 + A2

2, and θ = arctan
(

A1
A2

)
.

0 < (LIPω) sin ωt − (RL Ip + Vc)cosωt; & (LIPω) sin ωt − (RL Ip + Vc)cosωt < 0 (18)

0 < A3 cos(ωt + 180 + θ); & A3 cos(ωt + 180 + θ) < 0 (19)

From the right inequation of (19), it is possible to obtain a range of ωt where the
reachability condition is fulfilled in Mode 1 (vG(t) > 0 V); such a range is introduced in
(20). With a similar procedure, it is possible to define the range where the reachability
condition is fulfilled in Mode 2 (vG(t) > 0 V), as shown in (21).

−90◦ − θ < ωt < 90◦ − θ (20)

90◦ − θ < ωt < 270◦ − θ (21)

Figure 7 illustrates the condition (19) with the current reference ire f . It shows the angles
where the reachability condition is fulfilled, as given by (20) and (21). Consequently, there
are two regions of ωt where reachability condition is not ensured, resulting in instability
for the FB-U inverter with the proposed SMC. Those regions are defined in terms of
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critic values of ωtc, as shown in (22) and (23) for Mode 1 (vG(t) > 0 V) and Mode 2
(vG(t) < 0 V), respectively.

90◦ − θ < ωtc < 90◦ (22)

270◦ − θ < ωtc < 270◦ (23)

t

Amp

ire f

A3 cos(ωt + 180 + θ)ωtc ωtc ωtc

Mode 1

Mode 2

−90o − θ < ωt < 90o − θ
reachability fulfilled in Mode 1

90o − θ < ωt < 270o − θ
reachability fulfilled in Mode 2

90o − θ < ωt < 90o

reachability not ful-
filled in Mode 1

270o − θ < ωt < 270o

reachability not ful-
filled in Mode 2

−1

1

Figure 7. Critical limits for the sliding mode controller in unipolar commutation.

In summary, the conditions guaranteeing the system reachability are defined in (16),
(20), and (21). The condition (16) applies to Mode 1 and Mode 2 (any value of vG(t)),
whereas (20) and (21) apply to vG(t) > 0 V and vG(t) < 0 V, respectively. However, the
control in FB-U is not achieved in (22) and (23), making the control inoperable. This issue in
the zero-crossing region and increased total harmonic distortion, particularly emphasizing
the second harmonic (f = 120 Hz) [4].

3.3. Design of Parameters—Guidelines

This subsection provides a guideline for correctly selecting the parameters of the
critical angle ϕ, the peak current irp, and the amplitude of the hysteresis band H. The
careful selection of these parameters is crucial for the right performance of the inverter.

The critical angle ϕ, which marks the transition from unipolar to bipolar commutation,
must be defined considering the angle θ explained in Section 3.2, since it defines the theoret-
ical limit where the transversality condition is not fulfilled. Generally, ϕ should be greater
than θ under any operating condition to ensure a correct implementation. Furthermore, the
minimum value of ϕmin must take into account the width of the sliding band (H) and the
reference peak current irp to prevent the lower band of the sliding mode controller from
reaching zero before θ. This precaution ensures that the inductor current ripple does not
cross zero prematurely. Hence, (24) can be used as a reference for the definition of ϕmin,
where θ, H, and irp must be considered for the worst-case scenario, corresponding to an H
greater than sin(θ).

ϕmin = max{θ, 90◦ − arccos (H/irp)} (24)

Another factor to consider for the selection of ϕmin is the minimum acceptable fre-
quency. As the current approaches zero crossing, the commutation frequency of u is
gradually reduced until it reaches zero. Hence, it is important to choose a minimum fre-
quency that ensures the continuous commutation of the inverter. This consideration, along
with the one introduced in (24), is useful in the design process to maintain the stability and
proper functioning of the inverter.

The parameter of the peak current irp is typically derived from a higher level control;
i.e., in two-stage microinverters, the current reference comes from a DC bus voltage con-
troller, which is in charge of maintaining a constant voltage at the DC bus. The value of



Energies 2024, 17, 3671 10 of 21

irp can also be associated with the control of the output power of the inverter, as seen in
inverters connected to the grid that provide ancillary services, where the supplied power is
adjusted to regulate the frequency of the grid in a power/frequency controller.

The parameter H is intrinsically connected to the inverter switching frequency. This
parameter is of paramount importance because the switching frequency of the inverter
influences the design of connection filters and is essential for selecting electronic compo-
nents such as transistors, diodes, capacitors, and inductors. A key factor in choosing H
could be the maximum frequency at which the system is intended to switch. The maximum
switching frequency calculus is presented in [27] and is obtained by computing the shortest
period T in the ripple of the error signal S(t).

From Equation (8), it is possible to define the maximum rising and falling slopes of S(t)
assuming i(t) ≈ Irp cos(ωt) and vc ≈ vG(t) = Vp cos(ωt). The fastest frequency occurs in
the FB-B operation because the rising (derise(t)/dt) and falling (de f all(t)/dt) slopes depend
on VB, while in the FB-U operation, only one of the slopes depends on VB and the other
depends on i(t), v(t), and Ip, as explained in [26]. Moreover, the relationship between H
and F for the FB-U operation is presented in [26]; hence, this paper presents such a relation
for the worst-case scenario, which is the FB-B operation.

The values of u to calculate the maximum frequency switching are {1,−1}, i.e., when
U = 1, the rise slope is

derise(t)
dt

=
−RLip cos ωt + VB − vc cos ωt

L
+ Ipω sin (ωt) (25)

and when U = −1, the falling slope is

de f all(t)
dt

=
−RLip cos ωt − VB − vc cos ωt

L
+ Ipω sin (ωt) (26)

The variation of the period T with time can be calculated as the time required by
the error to increase from −H to +H during the rising slope, plus the time required by
the error to decrease from +H to −H during the falling slope, so the period is given by
T(t) = 1

F(t) = 2H
derise

dt

+ 2H
de f all

dt

. Here, the frequency strongly depends on the selection of

H. Therefore, it is important to analyze the variation of the maximum frequency Fmax
for different values of H or vise versa to avoid problems with the limiting frequency
of transistors.

H(F) =
1

2F

derise
dt

de f all
dt

derise
dt +

de f all
dt

(27)

From Equation (27), we obtain an expression to calculate the hysteretic bands for a
specific frequency. Additionally, from (25) and (26), it is clear that the switching frequency
F(t) varies with time according to vG(t) and ir(t).

4. Simulation and Experimental Results

This section presents the simulation and experimental results obtained with the Full-
Bridge inverter and its different operating modes. The focus is on analyzing the current in
the two inductors and the voltage across the capacitor and the grid nodes. The simulation
compares the Full-Bridge inverter with the unipolar (FB-U), the bipolar (FB-B), and the
proposed hybrid (FB-H) modulation. Experimental results confirm the effective solution
of zero-crossing distortion in hybrid mode, leading to reduced total harmonic distortion
(THD) in the current and voltage.

Simulation Results

The numerical model of the inverter, implemented in Simulink–Matlab, is illustrated
in Figure 8 and includes the parasitic resistances of both inductors. In addition, Table 1
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details the values and specifications of the electronic components and semiconductors used.
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Figure 8. Implementation of the inverter in Simulink.

The simulation results for the operating modes FB-U, FB-B, and FB-H are introduced
in Figures 9, 10 and 11, respectively. These figures show, from top to bottom, the currents
(iF(t), i(t), and ir(t)); the voltages (vc(t) and vG(t)); the switching function (S(t)), and the
switching frequency (F). In the simulations, Ip = 2 A at the beginning, and then there
are two-step changes to illustrate the controller performance for reference variations. The
first step is from Ip = 2 A to Ip = 1 A at t = 2/60 s, and the second one is to Ip = 3 A at
t = 4/60 s. Additionally, the right side of those figures shows a zoom of the same variables
around zero crossing at 40.5 m s. < t < 43.5 m s.

Table 1. Inverter component values and control implementation parameters.

Component Value Units

Component

L 540 µ H
RL 0.320 Ω
LF 270 µ H
RF 0.160 Ω
C 3.3 µ f
vG 21.21 Vrms

Vbus 88 V

Control
Parameters

ϕmin 13.18 ◦

θ 0.8065 ◦

irp 2, 1, 3 A
H 228 m A

Fmin 1 k Hz

Figure 9a displays the current waveforms in the inverter during unipolar commutation;
the black dotted lines demarcate the section for a zoomed view in the right-side figures.
The two variations of Ip described before and the ripples of i(t) and iF(t) produced by the
SMC implemented with a hysteresis band of 0.2 A can be observed.
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Figure 9b provides a closer examination of the phenomenon. It is evident that there is
a loss of control near zero; the blue dotted lines delineate the stability limits as calculated
by Equation (22) with θ = 0.8065◦. However, here, the instability occurs before the angle θ,
attributed to the width of the hysteresis band. When the lower band of the hysteresis crosses
zero, the hysteresis control forces the current to switch to the negative side to commute the
signal u(t), but the operation mode for the positive semi-cycle cannot switch to the negative
side, resulting in a zero current in i(t) during this phase. Control is only re-established
when the upper hysteresis band crosses the zero axis, and the operation is shifted to the
negative semi-cycle configuration. This pattern repeats at every zero-crossing point.

Figure 9. FB-U inverter simulation with step variations in Ip ( Ip = 2 for 0 ms < t < 2/60 ms,
Ip = 1 for 2/60 ms < t < 4/60 ms, and Ip = 3 for 4/60 ms < t < 6/60 ms). From top to bottom, currents
(iF(t), i(t), and ir(t)); voltages (v(t) and vG(t)); switching function (S(t)); and switching frequency
(F). The black dashed lines in (a,c,e,g) mark the areas for a zoomed view in the figures on the right.
The blue dashed lines in (b,d,f,h) show the stability boundaries for θ as determined by Equation (22).
The green lines in (b,d) indicate the stability boundaries resulting from the use of hysteresis bands,
corresponding to the angle ϕ, derived from Equation (24), i.e., when the lower band crosses zero.

This discrepancy with the angle θ stems from the analytical procedure assuming H = 0,
whereas, in experimental implementation, H is assigned a value of 0.2 A. Figure 9c,d also
clearly illustrate a distortion in the capacitor voltage due to the loss of control. Figure 9e,f
show the switching function S(t). Here, the sliding mode control cannot be achieved after
the lower band touches zero; the red line indicates the hysteresis bands H. Figure 9g,h
present the frequency variation during operation, noting that the maximum frequency in
this scenario is 84.7 kHz, which reduces to the minimum at zero crossings.

Figure 10 shows the simulation results for the FB-B inverter. In Figure 10a–d, it is clear
that there are no issues in the zero-crossing region, with no distortion observed in either
the current or the voltage. The error, as shown in Figure 10e,f, stays consistently within
the limits of the hysteresis band, as was demonstrated in Section 3.2. However, it should
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be noted that, in axes (g) and (h), there is a significant increase in the maximum frequency
throughout the operation; the maximum frequency here is 166.7 Khz, almost double the
unipolar commutation. This is because the rising and falling slopes of the inductor current
depend on VB during FB-B commutation (i.e., u = 1 and u = −1 in (1)), while in FB-U
mode, only one slope depends on VB (u = 1/u = −1 in (1)), and the other depends on i(t)
and v(t) (u = 0 in (1)).

Figure 10. FB-B inverter simulation with step variations in Ip. From top to bottom, currents (iF(t),
i(t), and ir(t)); voltages (v(t) and vG(t)); switching function (S(t)); and switching frequency (F). The
black dashed lines in (a,c,e,g) indicate zoom areas on the right. The blue dashed lines in (b,d,f,h) show
the stability boundaries for θ from Equation (22). The green lines in (b,d) mark stability boundaries
from hysteresis bands for angle ϕ per Equation (24).

Figure 11 presents the simulation results using the proposed hybrid commutation
technique. In this simulation, Figure 11a shows that the stability of control during zero
crossing is clearly maintained, allowing the current to smoothly adhere to the reference.
The blue dotted lines indicate the angle at which stability is lost for unipolar commutation
calculated as the angle θ. However, as was shown in Figure 9, the loss of control for this
system is presented when the lower band crosses zero, which is shown in Figure 11b with
the green lines corresponding to the angle ϕ, calculated from Equation (24).

For this implementation, the calculated ϕmin is 13.18◦ and the selected ϕ is 17.45◦.
Figure 11c,d show the voltage waveform, which now appears to be more sinusoidal and
free of significant distortions. The error measurements, observed in Figure 11e, remain
consistent within the limits of the hysteresis band. Furthermore, in Figure 11f, the transition
from FB-U to FB-B commutation can be observed with a variation in switching frequency,
which is confirmed in Figure 11g,h. Here, the frequency remains low for most of the
operation, with a value of 87.4 kHz, although it increases to almost double (166.7 kHz)
when the commutation switches to FB-B. However, the commutation losses in this region
are minimal because of the low voltage.
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Figure 11. FB-H inverter simulation with step variations in Ip (Ip = 2 for 0 ms < t < 2/60 ms,
Ip = 1 for 2/60 ms < t < 4/60 ms, and Ip = 3 for 4/60 ms < t < 6/60 ms). From top to bottom, the
currents (iF(t), i(t) and ir(t)), the voltages (v(t) and vG(t)), the switching function (S(t)), and the
switching frequency (F). The black dashed lines in (a,c,e,g) mark the areas for a zoomed view in
the figures on the right. The blue dashed lines in (b,d,f,h) show the stability boundaries for θ as
determined by Equation (22). The green lines in (b,d) indicate the stability boundaries resulting from
the implementation of hysteresis bands, corresponding to the angle ϕ, derived from Equation (24),
i.e., when the lower band crosses zero.

The THD analysis for all operation modes is summarized in Figure 12. The THD
of both voltage and current was calculated using the THD block from Matlab/Simulink.
Since the measurement of the THD varies depending on Ip, the worst-case scenario was
selected for analysis, occurring at 2/60 < t < 4/60 s. Among the modes of operation,
the FB-U operation presents the worst-case scenario. The THDs of current and voltage
in this mode meet the regulatory standards for grid-connected inverters, which require
a THD of less than 5%. Conversely, the FB-B operation exhibits the best results, with a
significantly reduced THD. The hybrid technique also demonstrates a low THD, close to
the FB-B operation, thus capitalizing on the benefits of both FB-U and FB-B operations. The
proposed method represents a balanced trade-off between the reduced switching losses of
the FB-U operation and the enhanced stability of the FB-B inverter.
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Figure 12. THD comparison in currents (iL, iL f ) and voltage (Vc) for the three types of commutations
(FB-U, FB-B, and FB-hybrid) for the Full-Bridge inverter, showing the total harmonic distortion (THD)
percentages for each configuration.

To compare the advantages of the hybrid method, a loss analysis was conducted.
In [25], a detailed loss analysis for unipolar and bipolar commutation was performed. Here,
the general equation for the loss of the inverter Ploss is defined as

Ploss = PSSall + PSWall + PDSSall + PRRall (28)

where PSS denotes the conduction loss of the MOSFET, PSW refers to the switching loss of the
MOSFET, PDSS indicates the conduction loss of the body diode, and PRR signifies the reverse
recovery loss. The suffix -all- represents the total losses for switches Sp, Sn, Spe, and Sne.
Figure 13 presents the loss calculations for the FB inverter using the bipolar, unipolar, and
proposed hybrid commutation techniques. The total loss for each configuration was 12.92 W,
8.81 W, and 9.61 W, respectively, with a voltage source of 84 V and an AC output current
of 2Apeak. Here, the proposed method obtains the advantages of unipolar commutation,
presenting low switching loss, close to the one obtained with FB-U.

FB-B FB-U FB-H
0

5

10

15

Figure 13. Loss calculation for the three types of commutation (FB-B, FB-U, and FB-H) for the
Full-Bridge inverter, showing the contributions of reverse recovery loss (PRR), conduction loss of the
body diode (PDSS), switching loss of the MOSFET (PSW), and conduction loss of the MOSFET (PSS).

Among the hybrid methods proposed in the literature, most do not suggest an optimal
point for switching from FB-U to FB-B. This is crucial for reducing the THD and switching
losses. In [13], a hybrid method is proposed in which the rule to change the commutation
method is vG = VB/2. A comparison of this method with the one proposed in this article
is illustrated in Figure 14. Graphs (a) and (b) show the current in the Full-Bridge inverter
for both methods. Our method reduces the angle for switching from unipolar (FB-U) to
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bipolar (FB-B) commutation, minimizing the high-frequency operation time, as shown in
graphs (c) and (d). This reduction leads to lower switching losses, which is evident in the
loss comparison in graph (e).

Figure 14. Comparison of the proposed method with the one in [13]. Graphs (a,b) show current
waveforms, and graphs (c,d) show switching frequencies. The proposed hybrid method reduces
high-frequency operation time, leading to lower switching losses, as shown in graph (e). The green
lines in (a,b) indicate the boundaries given by ϕ where the proposed technique marks the transition
from unipolar to bipolar commutation and vice versa.

The experimental setup, illustrated in Figure 15, features a Full-Bridge inverter cir-
cuit, which was designed using Altium Designer 24.2.2 software and is controlled by
an STM32G474RE microcontroller, manufactured by STMicroelectronics, and sourced
from Geneva, Switzerland. This inverter is connected to 315 W solar photovoltaic panels
mounted on the laboratory rooftop. For grid interfacing, a 120/30 VAC transformer is
employed, facilitating the evaluation of circuit control within a low-voltage experimental
network. A local load, comprising three 100 W incandescent light bulbs, is connected
between the grid and the inverter output to visualize power flow. Initially, all energy is
supplied by the grid; however, as the inverter starts to inject current, the energy drawn
from the grid decreases until the inverter feeds the total energy to the load and back into
the grid. The electrical specifications of this prototype are detailed in Table 1.

Figure 15. Experimental setup for the Full-Bridge inverter.

The implementation in the STM32G474RE microcontroller, as depicted in Figure 16, re-
ceives the input variables VG, i(t), VB, and irp and outputs the control signal u (up,un,upe,une).



Energies 2024, 17, 3671 17 of 21

The Interrupt Service Routine (ISR) contains the initiation and control sequence for periph-
erals. The hysteresis bands are created by two digital-to-analog converters (DAC), and
the inductor current is compared using two analog comparators. A high-resolution timer
(HRTIM) functions as a flip-flop for the four control signals and is reconfigured online
according to the control strategy.

Figure 16. Implementation in a STM32G474RE microcontroller.

Figure 17 displays the current waveforms captured during the experiment using
unipolar commutation. In the first row of the figure, the red line represents the reference
current and the blue line depicts the inductor current. The graph on the right side provides
a zoomed-in view of the zero-crossing distortion issue, where a noticeable deviation of the
inductor current from the reference indicates a loss of control just when the lower hysteresis
band reaches zero crossing. The second row illustrates how the error remains within the
hysteresis band H = 0.228 A. A slow response in the zero-crossing region is clearly visible.
Note that some glitches in the pictures are due to the noise of the measurement instruments.
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Figure 17. Currents iL,ire f and error signal e in the experimental FB-U inverter.

In Figure 18, the effectiveness of the proposed hybrid commutation technique is evi-
dent throughout the entire operation. Unlike earlier observations, the loss of control is not
present here, and the inductor current closely aligns with the reference signal across all
regions. It is clear in the first raw of the figure that the inductor current closely tracks the
reference current, with a noticeable change in frequency near the zero-crossing region. Fur-
thermore, the error graph highlights the frequency change during the zero-crossing point
due to bipolar commutation, ensuring that the current remains within the hysteresis bands.
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Figure 18. Experimental signals of current iL,ire f and error e, with the FB-H method.

In the experimental analysis of the Full-Bridge inverter with unipolar commutation, a
key focus was on evaluating the total harmonic distortion (THD) in various operational
modes. Initially, as shown in Figure 19, the experiment assessed the THD of the current
signal in the filter inductor when the inverter operated off-grid with a resistive load. The
results in FB-U mode, illustrated in this figure, showed a THD of 5.39%. While this is within
acceptable limits, it indicates potential areas for optimization. In contrast, the same figure
demonstrates how the THD was notably reduced to 4.43% when the hybrid technique was
used, highlighting the effectiveness of this method in reducing harmonic distortions in an
off-grid scenario.

i
F
, THD =5.39% i

F
, THD =4.43%

Figure 19. Comparison of the current iF with (a) FB-U and (b) FB-H operations with a resistive load.

Moving to a grid-connected environment, Figure 20 captures the THD performance
under more challenging conditions. When connected to an industrial grid, known for
its relatively poor current quality, the inverter THD in FB-U operation jumped to 11.2%.
This significant increase can be partially attributed to the inherent current quality issues
of the grid. However, a noteworthy observation from the same figure is the substantial
reduction in THD to 8.75% achieved by implementing the hybrid technique, emphasizing
its capability to mitigate the THD in less-than-ideal grid conditions.

i
F
, THD =11.2% i

F
, THD =8.75%

Figure 20. Comparison of the current iF with (a) FB-U and (b) FB-H operations connected to the grid.
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Lastly, the experiment examined the voltage THD in both FB-U and FB-hybrid modes
while connected to the grid. As shown in Figure 21, the results indicated that both modes
maintained low THD levels, but a slight improvement was observed with the hybrid
method. This minor yet significant reduction underscores the efficacy of the hybrid tech-
nique in enhancing voltage waveform quality alongside its demonstrated impact on the
current THD.

v
G

, THD =2.33% v
G

, THD =2.01%

Figure 21. Comparison of the voltage iF with (a) FB-U and (b) FB-H operations connected to the grid.

These experimental results validate the effectiveness of the proposed hybrid commu-
tation technique in the Full-Bridge inverter. The technique provides improvements in the
stability of the control of the inductor current, especially around zero-crossing regions,
besides improving the THD.

5. Conclusions

This study presents a Full-Bridge inverter with a hybrid commutation technique
for a sliding mode controller (SMC). The hybrid commutation strategically avoids the
zero-crossing distortion limitations associated with unipolar commutation. The proposed
commutation switches between unipolar and bipolar commutation modes in response to a
loss of control. This enhances the robustness and overall efficiency of the system. We present
the unipolar and bipolar operation modes of the inverter and validated transversality and
reachability conditions for implementing a sliding mode controller, revealing a crucial
range where control loss occurs during unipolar operation. We present an expression to
compute critical angles where unipolar operation loses stability and provide guidelines on
choosing parameters for the implementation of the controller.

The MATLAB/Simulink simulations verified the efficacy of the proposed hybrid
technique against classical operations under perturbations in the reference. To showcase the
advantages of the hybrid technique, we conducted a comparison of the THD, demonstrating
that the hybrid method achieved a reduction of 4.52 percentage points in the current THD
and 1.54 percentage points in the voltage THD with respect to the unipolar technique. The
proposed method combines the low-loss benefits of unipolar commutation with the stability
of bipolar commutation, effectively mitigating the drawbacks of each. The experimental
results confirmed the theoretical and simulated findings: a reduction in percentage points
of 0.96 for the local load (off-grid) and a reduction of 2.45 when the inverter was connected
to the grid in an industrial environment, compared with unipolar commutation, confirming
the practical viability of the proposed control technique.

The control law proposed in this paper is easy to implement and does not require the
exact model of the entire system, making the controller suitable for various applications.
The controller considers the nonlinear model of the inverter, enabling the tracking of the
current reference for any operating condition. Unlike unipolar operation, the proposed
control method consistently ensures accurate current tracking and supports the injection
of reactive power into the grid. This capability is crucial for maintaining grid stability,
especially with the increasing use of renewable energy sources. Furthermore, the digital
implementation employs microcontrollers equipped with fast comparators capable of
adapting to rapidly varying switching frequencies, thereby overcoming the challenges
associated with widespread product deployment.
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