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Abstract—This paper presents the sliding mode control
(SMC) applied to an innovative active rectifier. This proposed
active rectifier is constituted by a single-switch, and operates
with three voltage levels, evidencing a set of advantages when
compared with conventional approaches of power factor
correction topologies. Taking into account the diversity of
applications for this type of power converter, the SMC is used
in order to obtain a robust current tracking. Since the active
rectifier is controlled according to the ac grid-side current, the
error between such current and its reference is determined,
and by employing the SMC, this error is minimized during
each sampling period with the objective of selecting the state of
the single-switch. A comprehensive description about the SMC
implementation, supported by the overall operation of the
active rectifier, is presented throughout the paper. The
obtained computational results for a set of different operating
conditions, comprising significant power ranges and sudden
variations, confirm the accurate application of the SMC when
applied to the proposed single-switch three-level active
rectifier. A comparison is also established with other current
control, allowing to confirm the precise application of the SMC
strategy.

Keywords—Active Rectifier; Power Quality; Sliding Mode
Control; Smart Grids; Three-Level.

1. INTRODUCTION

Nowadays, the paradigm of smart grids is imposing new
technologies to deal with sustainability and environmental
issues. As example, the shift to electric mobility is
recognized as essential to mitigate the greenhouse gases
emissions [1], as well as the on-grid or off-grid integration of
renewables [2][3]. Besides, for an effective contribution for
improving the energy efficiency, the preservation of power
quality aspects is fundamental for the operation of these
valences [4][5].

In this sense, from the grid-side point of view, the
converters that operate with low harmonic distortion and
high power factor are distinct from conventional
diode-bridge and multiple-pulse converters [6][7][8].
Notwithstanding the topology, when it is possible to control
the current on the grid-side to improve these aspects of
power quality, the converters are classified as belonging to
the family of active rectifiers, more specifically as
power-factor-correction (PFC) converters [6][9]. Interesting
and detailed summaries of active rectifiers dedicated to

single-phase and three-phase topologies are accessible in
[10][11][12][13]. Regardless of the application, when a
unidirectional PFC converter is desired, the most used
topology is based on a passive diode converter immediately
followed by an active converter, with current control at the
input-side. Typically, it is used a boost-type converter [14].
The boost converter is the most interesting and simplest to
control in PFC structures, because the inductor is in the
input-side of the converter and is precisely the current in the
inductor that is controlled. A comparative appreciation of
PFC structures using only boost-type converters is proven in
[15]. However, other ac-dc active converters can be used for
PFC structures, as can be found, e.g., in [16] and [17]. More
particular are the interleaved PFC structures, where the same
ac-dc passive converter is used, but on the dc-side two or
more dc-dc active converters are used. The principle of
operation is very similar to the solution with only one dc-dc
converter, but, in this case, the dc-dc converters, operating
with the same current control, are controlled with an
interleaved modulation [18]. In addition to the outstanding
PFC variants, the multilevel converters can also be used in
PFC structures, allowing to optimize the converter in terms
of passive filters and voltage stress in the semiconductors
[19].

Based on the analysis of the existing PFC structures, this
paper discusses a new control strategy applied to an
innovative single-switch three-level active rectifier. This
converter was initially proposed in [20] for electric mobility
applications, but can be used whenever it is necessary to
control the current on the grid-side. This converter is
composed of a passive ac-dc converter (diodes D;, D2, D3,
Dy), which interfaces directly the grid-side and the dc-side,
and a bipolar and bidirectional cell (diodes Ds, Ds, D7, Ds
and IGBT sw), which is connected between the phase and the
neutral on the grid-side. Apparently, this structure is more
complex than the solution based on the ac-dc converter with
the boost converter, however, as presented in Section II, this
converter has more attractive benefits. A structure, also with
a single controlled semiconductor, is presented in [21], but it
requires a split dc-link and operates with a double-voltage
characteristic on the dc-link. Structures using only a single
controlled semiconductor are presented in [15] and [22], but
only a high power factor can be obtained, where the current
is not accurately sinusoidal.
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Fig. 1. Active rectifiers: (a) Proposed single-switch three-level under
analysis; (b) Conventional PFC using a dc-dc boost converter.

Nowadays, in power electronics, when it is necessary to
control a certain variable, the solution is to use digital
controllers instead of analog controllers. In this sense,
several controllers can be used, with special emphasis on
proportional integral (PI) and proportional integral derivative
(PID) controllers. Although these controllers are widely used
and present good results, there are alternatives that present
better results when applied to control certain variables,
depending on the power electronics converter. Often, the
major problems with the use of controllers of this type in
power electronics are resonance phenomena. In this sense, as
an alternative to these controllers for power electronics
applications, stands out the control in sliding mode [23]. As
shown in [24] and [25], the control in sliding mode can be
applied in power electronics converters in continuous and
discontinuous operation mode, respectively. In [26] a fairly
comprehensive approach to this type of control is presented
when applied to the most basic dc-dc converters (buck,
boost, buck-boost), where experimental results of the boost
converter are presented. When applied to the boost PFC, this
type of controller can be used for controlling the output
voltage or the input current [27]. As shown in [28] and [29],
this type of controller is also quite robust when applied to
ac-dc converters of PFC structures.

In the scope of this paper, a control based on sliding
mode control (SMC) is presented for the three-level
single-switch active rectifier, aiming to control the grid-side
current for any reference current. Moreover, a comparative
analysis with the existing predictive control (finite control
set) for the same active rectifier is also established. Based on
the addressed subject, the paper is organized as follows.
Section IT presents a theoretical analysis of the active
rectifier, supported by a comparative analysis with the
conventional approach of PFC structure; Section III

introduces the implementation of the SMC for the active
rectifier under analysis; Section IV shows and discusses the
obtained results in steady- and transient-state; Finally,
Section V ends the paper with the conclusions.

II.  THEORETICAL ANALYSIS OF THE PROPOSED
THREE-LEVEL SINGLE-SWITCH ACTIVE RECTIFIER

The topology of the single-switch three-level active
rectifier is presented in Fig. 1(a), and the topology of the
conventional PFC with the de-dc boost converter is presented
in Fig. 1(b). By applying a proper current control algorithm
and modulation, internally to the topology, the grid-side
current (ig) is divided in two currents: iy and ip. The current in
the main diode bridge (is) is associated with the voltage
levels v4 and -vq4. (voltage between a and b when the IGBT
is off) and the current in the bipolar and bidirectional cell (i)
is associated with the voltage level 0 (when the IGBT is on).
Comparing with the conventional PFC with the diode bridge
and the boost converter (Fig. 1(b)), the rms value of the
current in the main diode bridge (diodes D;, D2, D3, and Dy
represented in both figures) is reduced. Globally, the
single-switch three-level active rectifier requires more three
diodes (diodes Ds, Ds, D7, and Ds for the bipolar and
bidirectional cell comparing with the diode Ds of the boost
converter), which is a drawback in terms of required
components. Nevertheless, in counterpart, it has more
advantages in terms of energy efficiency. Comparing both
topologies when the IGBT is on, in both cases are used two
diodes for obtaining the level 0 in both positive and negative
half-cycles. On the other hand, comparing both topologies
when the IGBT is off, the single-switch three-level active
rectifier uses two diodes, while the conventional PFC
requires an additional diode (the diode Ds of the boost
converter). Therefore, it is possible to improve the energy
efficiency when using the single-switch three-level active
rectifier. An exhaustive comparison between the topologies
is out of the scope of this paper, however, a complete
comparison based on an experimental validation is presented
in [20]. Since the single-switch three-level active rectifier is a
more interesting topology for the same purpose, the focus of
this paper is to analyze the application of the SMC to this
topology in detriment of other classical current control
algorithms.

III.  SLIDING MODE CONTROL OF THE PROPOSED
THREE-LEVEL SINGLE-SWITCH ACTIVE RECTIFIER

Fig. 1(a) shows the topology of the single-switch
three-level active rectifier, where the grid-side current (i) is
the variable that is intent to control using the SMC, as
following described.The operation of the topology is
function of the controlling variable «, which defines the state
of the IGBT sw. When it is equal to 1, means that the IGBT
is on and when it is 0, means that the IGBT is off. This
variable establishes the control law expressed by:

1 ,5>0
u‘{o ,§<0’ (M

where S is the instantaneous value of the control trajectory,
which is defined by:

x
S=ax +axx, = [0 2] [xﬂ ’ 2

where a; and o, are identified as sliding coefficients, x; and
x> are control equations, x; defines the error between the



reference of current (i,*) and the current (ig) and x, defines
the integral of the error (defined between i,* and i).
Therefore, based on this analysis, equations x; and x, can be
written as:

. ig" —ig X4

=11l : 3)
X (i," — ig)de x,dt
Analyzing the topology in more detail in terms of the

variables, mainly knowing that i, is the current in the
inductor L, the equation x; can be expressed by:

1
—vaLdt, “4)

_.*_._-*
X = g —lg =g

where v, according to the voltage assumed by the converter,
is defined as a function of the variable u, by:

vg - (1 - u)vdc ' (5)

Thus, using these previous equations, equation (3) can be
rewritten as:

v, =

J(vg Uvye) dt

jxldt

In order to guarantee the operation in sliding mode, the
following condition must be guaranteed:

(6)

lsl_rgSS <0, (7

where S is the derivative of S. According to this condition,

there are two cases of analysis: when S—0" and when S—0".
For the first case (S—0"), it can be written that:

. dx dx
§$<0 @ald—;+a2d—;<0 3

By making # = 0 (meaning that the IGBT is off), the state
equation can be expressed by:

2] = ldt L ”dc)‘ ©)

thus, obtaining:

dlg 1
< dt L (v

which can be simplified to:

- vdc)> +a,(iy" —iy) <0, (10)

dlg 1 1 ..
it ng +a1zvdc+“z(lg —lg)<0, (11)

resulting in the equation, for this case, established by:

dig" 1 .. 1
aq W_ng +a2(Lg _lg)<alzvdc- (12)
For the second case (S—0), it can be written that:
dx,

. dx
$>0 @ald—tl+a2ﬁ>0 (13)

By making # = 1 (meaning that the IGBT is on), the state
equation can be expressed by:

» dig
[l =z, (14
Xy . % R
g Tl
resulting in the equation, for this case, established by:

di 1 . .
(di ng>+a2(ig —iy)>0. (15)

By combining the two expressions resulting from the two
cases, it is obtained:

dig” 1

. 1
0<al<w—zvg)+a2(ig _lg)<alzvdc- (16)

Multiplying both terms of the previous equation by L/ay,
equation (16) can be rewritten by:

P + L2,
at L' ay o

resulting in the control equation established by:

—ig) < Ve, (17)

*

di,
0<L——vg+L

dt (lg - lg) < Vqc - (18)

Equation (18) establishes a reference voltage, which is
compared to a carrier of amplitude vy in order to obtain a
voltage (voltage v.» between points a and b in Fig. 1(a)) that
produces the desired current (i.e., the current i, follows its
reference i,*). However, for the implementation of equation
(18), it is necessary to know the sliding coefficients. These
can be determined by making S = 0, resulting in:

S = aq1Xq + Ay Xy = 0. (19)

Deriving the equation (19) in order to time, it is obtained:

dx;
(Xl E + O.’le = 0 ) (20)
which can be simplified to:
dx, ay
2y =0, 21
dt * aq 1 @D

Since equation (21) is of the type:

dx
—+kx=0, (22)
dt

the solution is expressed by:

t

x(t)=Ce Ts, (23)

where C is determined as a function of the initial conditions
and 7Ty is the time constant, defined as a function of the
sampling frequency, by:

T 1

S f:g .

Thus, the sliding coefficients are defined by:
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IV. SMC APPLIED TO THE PROPOSED SINGLE-SWITCH
THREE-LEVEL ACTIVE RECTIFIER:
ANALYSIS AND VALIDATION

The validation of the SMC applied to the single-switch
three-level active rectifier was performed following the
specifications listed in Table I and with the PSIM software.
The different rms values assumed by the reference current
were considered taking into account the operating power on
the dc-side of the topology, where any type of dc-dc
converter can be associated. It is not an objective of this
paper to deal with any particular power theory responsible
for establishing the reference of current, and therefore, a
simple control strategy based on the
Fryze-Buchholz-Depenbrock (FBD) power theory was used.

TABLE I
CHARACTERISTICS OF THE SIMULATION MODEL
Parameter Value
Grid Voltage (V) 230
Grid Frequency (Hz) 50
Maximum Grid Voltage THD (%) 4
Maximum Power (kW) 6.5
Grid Current @ Full Power THD (%) 2
Total Power Factor @ Full Power 0.99
Dc-link Voltage (V) 400
Inductor Filter (H) 0.003
Switching Frequency (kHz) 20
Sampling Frequency (kHz) 40

Fig. 2 presents a result that shows the application of the
SMC to control the ac grid-side current (i,) in steady-state,
and considering two different situations of operation.
Initially, in case #1, it is assumed that the ac grid-side
voltage is purely sinusoidal, without any kind of disturbance
of power quality, and that the waveform of the reference
current is based on this voltage, therefore also purely
sinusoidal (only affected, proportionally, in the amplitude).
As it turns out, due to the application of the SMC, the
controlled grid-side current (i) is sinusoidal. Subsequently,
in case #2, it is considered a situation where the grid-side
voltage has harmonic distortion, in this case with a value of
total harmonic distortion (THD) of 3.93% (this value was
assumed considering a real measure of voltage of an
electrical installation). In addition, in this case #2, it is
assumed that the reference current is directly proportional to
the grid-side voltage, also presenting a THD value of 3.93%.
It is important to mention that this situation is not the most
beneficial from the point of view of controllability of the
topology, however it was considered as an extreme situation,
in which the reference current may not be sinusoidal,
allowing to validate the applicability of the SMC to the
topology. Even considering this scenario of a reference
current (ig*) with harmonic distortion, it is verified that the
grid-side current (ig) is properly controlled according to i,*,
proving the applicability of the SMC for controlling the
topology. In this Fig.2, it is also possible to verify the
internal currents within the topology, namely the current in
the main diode bridge (iy) and the current in the bipolar and
bidirectional cell (ip). As described in Section II, the current
on the grid-side (i,) corresponds to the sum of the current iy

case #2
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Fig. 2. Validation in steady-state of the grid-side current (i,), internal
currents in the topology (is i), and produced voltage (v.;) considering:
Case #1 with sinusoidal grid-side voltage (v,) and sinusoidal reference
current; Case #2 with distorted grid-side voltage (v,) and distorted reference
current.

(when the IGBT is off and v, assumes the value of v or -
vae) with the current i, (when the IGBT is on and v, assumes
the value 0). As it turns out, the converter assumes the three
possible voltage levels, thus proving one of the main
characteristics of the topology.

Fig. 3 shows a result considering the control of the
grid-side current (i) in transient-state. Firstly, in order to
obtain the most realistic result possible, a sinusoidal
reference current (i,*) was considered, notwithstanding the
distortion of the grid-side voltage (vg). In this figure, the
same variables can be visualized as in the Fig. 2, but two
distinct transient moments were considered. In case #1, the
operation is the same as in the previous case. In Fig. 3(b), it
is possible to verify in detail the grid-side current (i) when
compared with its reference (i,*). When t =0.165 s, a change
in the reference current to the double occurs, giving rise to
case #2 of operation. Despite the instantaneous change of the
reference current, the controlled current (ig) reaches the
reference (i,*) in a reduced time interval, more precisely in
about 0.25 ms, which is a quite acceptable time taking into
account the sudden change and that it is an active rectifier.
From Fig. 3(a), a zoom showing in detail a comparison of
both variables during the transient-state is presented in
Fig. 3(c). As it should be, the iy and i, currents change
proportionally according to the current i, Moreover, the
voltage assumed by the topology (v.») maintains the three
levels of operation, independently of the transient-state
operation. Subsequently, when t=0.195s, the reference
current changes again instantaneously, but, in this case, to
half of the previous value and considering the change in the
negative half-cycle, giving rise to case #3 of operation.
Similar to the previous case, the detail of the comparison
between the current (ig) with its reference (i,*) is shown in
Fig. 3(d). Also in this case, despite the instantaneous change
of the reference current, the controlled current (ig) reaches
that reference (ig*) in a reduced time interval, more precisely
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Fig. 3. Validation in transient-state: (a) Grid-side current (ig), internal
currents in the topology (iy i), and produced voltage (v.5); (b) Detail of the
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the reference; (d) Detail of the grid-side current (i;) compared with its
reference (i, *) during the decrease of the reference.
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in about 1.3 ms. Also this value is quite acceptable
considering the change made and that it is a topology of
active rectifier. As it turns out, this situation, where the
reference current is reduced, is more critical, but even so, the
current follows its reference satisfactorily. Similarly to the
previous case, it is also verified that the currents iy and iy
decrease proportionally with i, and that the converter
continues to operate with the three voltage levels.

In order to verify the advantages of the SMC applied to
the single-switch three-level topology, a comparison was
made with another current control strategy, namely with
finite-control-set model-predictive-control (as originally
presented in [20]). The comparison was performed
considering the same topology, the same specifications listed
in Table I, but for both current control strategies. The results
of this comparison are presented in Fig. 4, where the same
reference current (i,*) was considered for both control
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Fig. 4. Validation of the SMC compared with the predictive control in
transient-state: (a) Grid-side currents (igsmc), igpc)) and grid-side voltage
(v); (b) Detail of the grid-side currents (igsmc), igec)) compared with the
reference (i, *).
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Fig. 5. Validation of the grid-side currents (igsmc), igec)) in function of the
error (between the reference and the measured currents) when applying:
(a) The SMC control; (b) The predictive control.

strategies (a sinusoidal reference with a distorted grid
voltage). As it turns out, when using the SMC strategy, the
grid-side current follows its reference more effectively,
presenting a smaller ripple of current. To verify more in
detail a comparison of both strategies, a transient-state was
considered. Therefore, in Fig. 4(b) both currents, resultant
from the application of both current control strategies, are
presented in detail when compared with the same reference.
From this result, it can be verified that, clearly, the SMC
strategy is more interesting when applied to the single-switch
three-level active rectifier. Although they present similar
times until reaching the new value of reference, the ripple of
current, resultant from the application of the SMC, is always
smaller. In addition, based on the comparison of both current
control strategies, in Fig. 5, the relationship between the
current i, and the current error (difference between reference
of current and measured current) is shown in steady-state. As
it turns out, the SMC is the strategy that presents best results,
although presenting a slightly more significant error in the
crossing by zero.

V. CONCLUSIONS

This paper introduces the sliding mode control (SMC)
when applied to an innovative single-switch three-level
active rectifier. The advantages of this proposed active
rectifier, as well as a comparison with a conventional
solution (based on a dc-dc boost converter) are presented.
Thus, throughout the paper, the details of implementing the
SMC strategy are minutely defined when applied to control
the ac grid-side current of the proposed active rectifier. The
validation was verified for various operating conditions,
namely considering different reference current waveforms



(sinusoidal and with harmonic distortion), and also
considering instantaneous changes of the reference current
(to the double and half of the initial value). The validation
was also verified by comparing, in steady-state and
transient-state, the SMC strategy with a predictive strategy,
allowing to confirm the precise application of the SMC when
applied to the proposed single-switch three-level active
rectifier. Summarizing, the superiority of the proposed
innovative active rectifier was verified in this paper,
especially when controlled with the SMC strategy.
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