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Abstract: This paper deals with the analysis and design of a sliding mode-based controller to obtain
high power factor (HPF) in the bridgeless isolated version of the single ended primary inductor
converter (SEPIC) operating as a single-phase rectifier. In the work reported here, the converter is
used as a unidirectional isolated interface between an AC source and a low voltage direct current
(LVDC) distribution bus. The sliding-mode control is used to ensure the tracking of a high quality
current reference at the input side, which is obtained from a sine waveform generator synchronized
with the grid. The feasibility of the proposal is validated using simulation and experimental results,
both of them confirming a reliable operation and showing good static and dynamic performances.

Keywords: sliding-mode control; isolated SEPIC converter; high power factor rectifier; isolated PFC
rectifier; bridgeless rectifier; DC distribution bus

1. Introduction

The use of rectifiers operating with high power factor (HPF) is a mandatory issue today in AC-DC
conversion [1]. This fact reduces the negative impact on the power quality of AC distribution networks
caused by the increasing introduction of new energy processing technologies such as electric mobility
and efficient lighting, among others. For example, hybrid electric vehicles need battery chargers,
which must not only provide high power density and plug-and-play operation [2], but also meet the
requirements of the power quality international standards. In the same context, it is possible to integrate
the HPF rectification function in multi-mode converters, which can provide bidirectional power transfer
capability or multiple power conversion types (AC-DC, DC-DC, and DC-AC), which eventually has an
important impact on the power density of the converter in the electric vehicle [3]. At lower power
levels, HPF rectifiers allow improving the input power quality and the general performance of LED
lamps, which currently constitute the leading lighting technology in the market [4].

Utilization of HPF rectifiers is also fundamental in the newest applications related to feeding
DC loads [5], DC distribution, and microgrids. On the basis of the high efficiency and flexibility of
the low voltage direct current (LVDC) distribution systems [6], HPF rectifiers take part of the main
DC source because they incorporate control systems that can help to meet the strict requirements of
grid compatibility, safety [7], and power quality [8]. This type of power distribution is also currently
integrated in microgrids, which constitutes a popular research topic in several industrial electronics
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areas [9]. Hybrid or AC-DC microgrids are extensively used and are supplied from renewable resources
such as photovoltaic and wind, besides AC sources, namely, either the AC mains, electric machines,
or fuel generators [10]. Although bidirectional power flow is a desired feature in many applications,
unidirectional power flow is efficiently used in wind power integration, speed regulation, plug-in
electric vehicles, and other two-quadrant applications [11]. In all cases, it is intended that the AC
powered devices accomplish the international power quality standards in terms of total harmonic
distortion (THD) and power factor [12].

The HPF rectifiers can be classified in a simple way as isolated and non-isolated. Non-isolated
topologies, in turn, can be classified regarding the use of diode bridges. In particular, if a topology does
not require one or more diode bridges, it is denominated bridgeless [13]. The bridgeless topologies
generally exhibit a better performance because the number of semiconductor elements in a circulating
current path is low. The conventional bridgeless single ended primary inductor converter (SEPIC)
was presented by Ismail et al. [14], providing the basis for subsequent works developed by the same
authors. This converter was studied in the work of [15] in discontinuous conduction mode (DCM),
which resulted in a relatively simple control and a reduced size of the components at the expense of
increased stress in semiconductors. More recently, in the works of [16,17], the bridgeless SEPIC rectifier
topology was modified by adding multiplier cells in order to extend the operational input voltage
range. Although the efficiency in the work of [16] was considerably improved (values above 98%), no
increased performance was reported in the power quality indicators such as THD and power factor.

Although galvanic isolation between the AC source and DC distribution bus is not a mandatory
issue in HPF rectifiers, it is clear that this feature can contribute to improving the system reliability,
especially when the use of DC distribution buses implies the interconnection of multiple sources,
different loads, and ancillary elements. For that reason, there is a particular interest in the development
of HPF rectifiers with isolated topologies. For example, in the works of [18,19], an isolated rectifier
topology is obtained by means of a special configuration of low-frequency transformers (Scott
transformer), in which two separated bridge rectifiers based on either boost or buck converters are
used to feed a split DC-bus. In another paper [20], isolation is obtained by integrating two isolated
Cûk rectifiers configuring a bridgeless topology. A relevant feature of that configuration is the use of
coupled inductors operating at high frequency, which eventually results in a significant improvement
in the cost, size, and weight of the converter in comparison with the use of low-frequency transformers.

Different isolated architectures based on the SEPIC converter have been proposed in the literature
for HPF rectifiers. An interesting alternative with interleaved configuration and a bridge- based SEPIC
rectifier topology is presented in the work of [21], attaining unity power factor for a wide range of
the output voltage. Nonetheless, the reported THD increases up to nearly 10% for some operation
conditions. The isolation in that case is provided by a second conversion stage based on an LLC
converter. Also, an active clamp topology operating in both continuous conduction mode (CCM) and
DCM has been reported another paper [22], showing an acceptable performance at the expense of
an additional input filter and high current stress in semiconductors. The three-phase architecture of
isolated SEPIC rectifier presented in the work of [23] uses three high- frequency transformers and three
bridge-based bidirectional switches, improving the performance of the single-phase bridgeless SEPIC
rectifier. In the latter work, DCM operation is used to obtain a THD of 4% and unity power factor.
However, the mentioned parameters were not evaluated in the entire range of operation rated for the
converter. It is worth mentioning that the resulting efficiency in the aforementioned cases ranges from
75% to 90%.

The bridgeless configuration of the HPF SEPIC rectifier depicted in Figure 1 has been presented
in the work of [24], working at constant switching frequency, which is imposed by a pulse width
modulation (PWM) operation in the control loop. Besides the galvanic isolation, the authors of that
work have highlighted the relatively low number of components and the low levels of resulting Electro
Magnetic Interference (EMI) as the main advantages of the topology. The main features in the isolated
version of the SEPIC converter are as follows: (i) the existence of a series inductor in the input port
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imposing a continuous behavior to the input current, (ii) the capability to either step-up or step-down
the input voltage, and (iii) the enhancement of the input voltage range with respect to other topologies.
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The control of HPF rectifiers based on the SEPIC converter can be easily implemented using
continuous-time linear methods and PWM. The wave-shaping, as defined by Tanitteerapan et al. in
the literature [25,26], leads to low values of THD, while a good reference generation method allows
achieving power factor correction. This is carried out by an inner control loop that normally processes
the input current and is complemented by an outer loop regulating the output voltage in the case of
rectifiers operating as pre-regulators. In addition, discrete-time control techniques such as repetitive
control have been applied to control the SEPIC rectifier [27]. With this technique, the THD is high at
low power levels, but enters in the permissive range for 50% of the nominal power, which suggests
that there is still an important gap to improve the rectifier performance in terms of THD. Besides,
in the work of [28], a linear control approach is compared with a feedback linearization technique,
demonstrating a better performance of the linear technique in power factor and THD for nominal
power. The nonlinear technique shows a slightly advantageous performance by regarding the THD
distribution along the whole range of the converter power. In the same work, the robustness of the
control system is improved by applying an adaptive passivity-based feedback linearization approach.

Sliding-mode control (SMC) has been also applied to control the SEPIC rectifier using a PWM
implementation [29]. The power factor obtained with this technique in always higher than 0.97, while
the current THD is only lower than 5% around the nominal power. It can be observed again that the
decrease of the THD is an open problem in the SEPIC rectifier.

SMC using a hysteresis implementation results in variable switching frequency, but offers
robustness, fast response, reliability, and simple implementation using either analog or digital
electronics. It has been demonstrated that this technique is able to track periodic references, forcing
loss-free resistor behavior. This implies resistive behavior at the input port and power source behavior
at the output port of a power converter [30], which in fact transforms the set rectifier-load into a virtual
resistance, as it is successfully developed for a semi-bridge-less pre-regulator in the work of [31] and a
three-phase HPF Vienna rectifier in the work of [32]. As in the case of the grid-connected inverters, the
control must track a reference, which can be directly provided by a measurement of the input voltage
or indirectly by a synchronized reference generator [33]. On the other hand, as the output voltage of
the rectifier (voltage of the DC bus) is not regulated, the power injected into the DC bus is given by the
amplitude of the input current. This amplitude is in turn provided by an outer control loop that can be
a part of a high-level layer of hierarchical control architectures [34].

The main goal of this work is to apply a hysteresis-based implementation of the sliding mode
control approach to improve the performance of the isolated SEPIC converter, increasing the range of
power in which the international standards are fulfilled.
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Unlike the approach in the work of [24], the SEPIC converter analyzed in this paper feeds a
non-resistive load and operates at a variable switching frequency. The first constraint has not been
studied in any of the reported SEPIC-based rectifier topologies. More specifically, the main differences
of the topology depicted in Figure 1 with respect to the conventional SEPIC are as follows:

- The single controlled switch was changed by a bidirectional switch (S1/D1, S2/D2) providing
control for voltage and current in both half-cycles of the grid voltage.

- A transformer with three windings, the first one being the primary, replaces the second inductor.
The secondary is split in two identical windings, which are interconnected through a central tap.
The transformer ratio is 1:N.

- No output capacitor is used because the converter is directly connected to a voltage regulated
DC bus.

Moreover, this paper considers the sliding mode-based current control of a bridgeless isolated
SEPIC rectifier tracking a sinusoidal reference and injecting power to an LVDC bus without considering
additional control outer loops. The rest of the paper is organized as follows. Modeling and analysis
of the sliding-mode current control are developed in Section 2. The implementation of the proposed
control is described in Section 3. Simulation and experimental results are shown in Section 4. Finally,
conclusions are given in Section 5.

2. Converter Model and Control

2.1. Detailed Description of the Converter

As can be observed in Figure 1, the converter is fed by the AC source vac, while the distribution
bus is represented by the constant DC source Vdc. The converter is composed by controlled switches
S1 and S2; diodes D1, D2, D3, and D4; capacitor C1; and inductors L1 and L2. The latter element is a
coupled inductor with three windings, one primary (n1 turns) and two identical secondary windings
(n2 = n3 turns), which are represented in the figure by inductance L2 and an ideal transformer with
ratio N = n2/n1 = n3/n1. The voltage at the primary side of the coupled inductor is denoted as vL2,
while the voltage at the secondary windings is defined as vs1 and vs2, respectively.

The operation of the converter as a HPF rectifier is accomplished by means of the controlled
switches S1 and S2 commutating at high frequency along each half-cycle of the AC source and the natural
switching of diodes D3 and D4, which are connected to the secondary windings of the transformer at
the output of the converter. To correctly ensure a safe operation of S1 and S2, D1 and D2 are activated
and deactivated simultaneously with S2 and S1, respectively.

The isolated SEPIC rectifier in CCM [35] exhibits four possible configurations, that is, two for the
positive half-cycle of vac and two for the negative one. Also, the proposed circuit can operate in an
additional configuration during the zero crossings of the AC input. In that configuration, the input
side of the converter can be represented by a single mesh with both inductors L1 and L2 in series with
capacitor C1, like in a series resonant converter. The control signal u takes the values 0 or 1 during
the off and on states of the controlled switches, respectively. Variable a will allow us to distinguish
operation in CCM (a = 0) and the operation in the above-mentioned additional configuration (a = 1).

During the positive half-cycle, in the on state (Figure 2a), inductor L1 is directly connected to
the source vac through the path composed by S1 and D2, while capacitor C1 is directly connected to
L2, while the DC source Vdc is disconnected from the secondary because D3 and D4 are open. In the
off-state during the positive half-cycle (Figure 2b), inductor L1 is connected in series with C1 and L2,
while the load is connected to the secondary vs2 through D3. It has to be pointed out that L2 operates
primarily as a coupling inductor, charging energy during the on state and then discharging it during
the off state. However, during the off state, L2 operates as a transformer, directly transferring energy
from the primary to one of the secondary windings depending on the half-cycle. Differential equations
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modeling the converter dynamic behavior in the on and off states during the positive half-cycle are
listed in Table 1.
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Table 1. Converter dynamics during a positive half-cycle.

Differential Equations On-State (u=1) Differential Equations Off-State (u=0)

L1
diL1
dt = vac L1

diL1
dt = vac − vC1 −

Vdc
N

L2
diL2x

dt = −vC1 L2
diL2x

dt = Vdc
N

C1
dvC1

dt = iL2x C1
dvC1

dt = iL1
iD3 = iD4 = 0 iD3 = 0; iD4 > 0

vS1 = vS2 = −NvC1 vS1 = Vdc

During the negative half-cycle, the on state of the controlled switch S2 and the activation of
the diode D1 result in the configuration depicted in Figure 3a, which is equal to the one depicted in
Figure 2a. Different to the case of the positive half-cycle, the off state leads to the circuit configuration
in Figure 3b, because D4 is forward biased. The differential equations modeling the dynamic behavior
during the on and off states of the negative half-cycle are listed in Table 2.
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Table 2. Converter dynamics during a negative half-cycle.

Differential Equations On-State (u=1) Differential Equations Off-State (u=0)

L1
diL1
dt = vac L1

diL1
dt = vac − vC1 −

Vdc
N

L2
diL2x

dt = −vC1 L2
diL2x

dt = Vdc
N

C1
dvC1

dt = iL2x C1
dvC1

dt = iL1
iD3 = iD4 = 0 iD3 > 0; iD4 = 0

vS1 = vS2 = −NvC1 vS2 = Vdc

As will be explained later, the on and off states of the controlled switches are imposed by a
hysteresis comparator, which in turn constrains the switching frequency of the converter to permissible
values. The operation of the converter in CCM is ensured practically in almost the entire period of
the input signal vac through the selection of the inductor L1 (see details in Section 3). However, this
mode is missed for short intervals denoted by |Vac| ≤ ε for ε ≈ 0, which correspond to the zero crossing
points of the AC input. This feature results in two circuit configurations:

(a) The configuration depicted in Figures 2a and 3a at the start of both half-cycles when the initial
condition of the current iL1 is zero. The differential equations modeling the dynamic behavior are
the same as shown in columns describing the on state in Tables 1 and 2.

(b) The configuration shown in Figure 4, where L2, L1, and C1 constitute de facto a series resonant
circuit. The differential equations modeling this dynamic behavior are listed in Table 3.
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Table 3. Converter dynamics during zero crossings of the alternative current (AC) input signal.

Differential Equations (u=0)

(L1 + L2)
diL1
dt = vac − vC1

(L1 + L2)
diL2x

dt = vac − vC1

C1
dvC1

dt = iL2x = iL1
iD3 = iD4 = 0
vS1 = vS2 = 0

The dynamic behavior of all circuit configurations can be expressed in compact form as follows:

(L1 + aL2)
diL1

dt
= vac − vC1(1− u) − sgn(vac)

Vdc
N

(1− u)(1− a), (1)

(L2 + aL1)
diL2x

dt
= vaca− vc1(1− u)a− vC1u + sgn(vac)

Vdc
N

(1− u)(1− a), (2)

C1
dvC1

dt
= iL1(1− u) + iL2xu. (3)

The state variables are iL1, vC1, and iL2x, with the latter representing the magnetizing inductance
current, which is given by the following:

iL2x = iL2 − ip = iL2 −NiD3 + NiD4, (4)

where ip is the current of the primary winding of the transformer. Furthermore, currents of output
diodes iD3 and iD4 can be expressed as follows:

iD3 =
1 + sgn(vac)

2N
(1− u)(iL1 − iL2x), (5)

iD4 = −
1− sgn(vac)

2N
(1− u)(iL1 − iL2x). (6)

2.2. Existence Conditions of Sliding Modes for a Constant Reference

For this analysis, it is assumed that a = 0 (circuit structures in Figure 2a,b and Figure 3a,b), and
vac and ire f are considered as positive or negative constant values. First, consider the following sliding
surface:

S(x) = iL1 − ire f . (7)

To demonstrate the existence of sliding-motions, it is assumed first that both vac and ire f can be
expressed by two constants KVI and KCI, respectively, of the same sign. Under such a hypothesis,
dS(x)

dt =
diL1(t)

dt and S(x)
.
S(x) < 0 is satisfied in the configurations depicted in Figure 2a–c, as is

demonstrated next in the analysis of each topology.

2.2.1. Case 1

Particularizing (1) for u = 1, a = 0, and vac = KVI > 0 (Figure 2a), the following is derived:

dS(x)
dt

=
KVI

L1
> 0. (8)

It can be observed that u = 1 implies S(x) < 0 or equivalently iL1 −KCI < 0, which implies that the
signs of the switching surface and its time-derivative are opposite.
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2.2.2. Case 2

Similarly, for u = 1, a = 0, and vac = −KVI < 0 (Figure 3a), Inequality (8) is derived again.
Although current iL1 circulates now in the opposite sense, it also enters through the positive terminal
of the inductor voltage, which exhibits the same voltage drop KVI. Besides, it can be observed that
u = 1 implies S(x) < 0, that is, the current circulating in the opposite sense is below the corresponding
reference −KCI < 0. Hence, the sliding-mode existence condition is again satisfied.

2.2.3. Case 3

For u = 0, a = 0, and vac = KVI > 0 (Figure 2a), the following is obtained:

dS(x)
dt

=
KVI − vC1 −

Vdc
N

L1
< 0. (9)

To justify the negative sign of Inequality (9), observe first that adding the state equations of iL1

and iL2x (Equations (1) and (2)) for a = 0 results in

L1
diL1

dt
+ L2

diL2x

dt
= vac − vC1. (10)

In the case of constant input voltage KVI and constant reference KCI, it can be expected that the
coordinates of the equilibrium point, that is, the steady-state values of iL1, iL2x, and vc1, are also constant
provided that sliding-motions are obtained. In that case, it can be deduced from Equation (10) that
the steady-state value of vc1 will be equal to that of vac, and thus equal to KVI. Hence, Expression (9)
becomes the following for values around the equilibrium point:

dS(x)
dt

=
−

Vdc
N

L1
< 0. (11)

It has to be pointed out that u = 0 corresponds to S(x) > 0 or equivalently iL1 −KCI > 0, which
implies that the signs of the switching surface and its time derivative are again opposite.

2.2.4. Case 4

Finally, for u = 0, a = 0, and vac = −KVI < 0 (Figure 3b), Inequality (11) is derived again. Although
current iL1 circulates now in the opposite sense, it also enters through the negative terminal of the
inductor voltage, which exhibits the same voltage drop Vdc

N . Besides, it can be observed that u = 0
corresponds to S(x) > 0, that is, the current circulating in the opposite sense is above the corresponding
reference −KCI < 0. Therefore, the sliding-mode existence condition is again satisfied.

From the above analysis, the control law of the converter can be defined in a compact form
as follows:

u =


f or vac > 0, u =

0 i f S(x) > 0

1 i f S(x) < 0

f or vac < 0, u =

0 i f S(x) < 0

1 i f S(x) > 0

. (12)

2.3. Analysis for Time-Varying Current References Using the Equivalent Control Method

We have demonstrated that there will be stable sliding motions for a constant input voltage KVI

and a constant reference KCI. Now, we can expect that there will also be a sliding-mode regime in
the case of time-varying functions such as vac = Vm sinωt and ire f = Im sinωt if the frequency of
the sinusoidal signal is significantly smaller than the resulting switching frequency imposed by the
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sliding-mode operation. In that case, both vac and ire f can be interpreted in terms of two periodic
sequences of values of KVI and KCI at grid frequency, such that

KVI ∈ {−Vm, . . . ,−V2,−V1, 0, V1, V2, . . .Vm}, (13)

KCI ∈ {−Im, . . . ,−I2,−I1, 0, I1, I2, . . . Im}, (14)

Vm

Im
= . . . =

V2

I2
=

V1

I1
. (15)

The switching law will impose a sliding regime for each pair (KVI, KCI), so that the converter will
eventually exhibit a sequence of equilibrium points

(
I∗L1, I∗L2x, V∗C1

)
whose coordinates will evolve in a

periodic way at the grid frequency and, as consequence, the input inductor current will perfectly track
its sinusoidal reference. A detailed analysis of this type of tracking can be found in the work of [36].

Consider now in Equations (1)–(3), vac = Vm sinωt, where ω = 2π f , f is the grid frequency, and
Vm is the amplitude of the sinusoidal signal. Then, the input current is forced to track the reference
ire f = Im sinωt. If a sliding mode imposes iL1 = Im sinωt, then the equivalent control will be given by
the following:

ueq = 1−
Vm sinωt− L1

dire f
dt

vC1 + sgn(vac)
Vdc
N

. (16)

Consider now that L1
dire f

dt � Vm. Only for very low value of the input voltage vac, these two
values are comparable, and then Equation (16) becomes the following:

ueq ≈ 1−
Vm sinωt

vC1 + sgn(Vm sinωt)Vdc
N

. (17)

Hence, by adding Equations (1) and (2), the following is obtained:

vC1 = vac − L1
diL1

dt
+ L2

diL2

dt
≈ vac = Vm sinωt. (18)

From Equation (3), the following is deduced:

iL2x =
C1

dvC1
dt − iL1

(
1− ueq

)
ueq

. (19)

By defining K , Vdc
N sgn(sinωt), Equation (19) leads to the following:

iL2x =
Vm

K

[VmC1ω
2

sin 2ωt− Im sin2 2ωt + KC1ω cosωt
]
. (20)

As it can be observed in Figure 2, ip = iC1 − iL2x, then

ip = −
Vm

K

[VmC1ω
2

sin 2ωt− Im sin2 2ωt
]
. (21)

Therefore, the current of output diodes D1 and D2 can be expressed as follows:

iD3 =

 ip
N f or 0 ≤ ωt < π

0 f or π ≤ ωt < 2π
, (22)

iD4 =

 0 f or 0 ≤ ωt < π

−
ip
N f or π ≤ ωt < 2π

. (23)
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The average current Idc injected into the source VDC can be computed as follows:

Idc = 〈idc〉 = 〈iD3 + iD4〉 =
1

2π

∫ 2π
0 (iD3 + iD4)dωt,

Idc = 〈idc〉 = 〈iD3 + iD4〉 =
1
π

∫ π
0 iD3dωt,

(24)

which results in the following (see Appendix A):

Idc =
VmIm

2Vdc
. (25)

It can be observed from Equation (25) that the POPI nature of the converter, that is, DC output
power equal to DC input power [30], operating as HPF rectifier is verified (VmIm = 2IdcVdc). Figure 5
depicts a simulation of the main variables of the converter for a grid frequency period in order to
illustrate the sliding motion in the converter variables and the resulting high frequency components.
The parameters used for the simulation are listed in Table 4 (see Section 4).
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A detail of the equivalent control waveform is presented in Figure 6, showing that it is correctly
constrained between zero and one along the entire period of the input signal.
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Figure 6. Simulated waveform of the equivalent control ueq and u′eq = 1− ueq during a cycle of vac.

2.4. Behavior of the System at the Zero Crossing Points

2.4.1. Condition 1. Figure 4: a = 1, iL1 = iL2, u = 0.

In this case, from Equations (1)–(3), the following is obtained:

diL1

dt
=

vac − vc1

(L1 + L2)
,
dvC1

dt
=

iL1

C1
. (26)

Taking the time derivative of diL1
dt and replacing the expression of dvC1

dt leads to the following:

d2iL1

dt2 +ωa
2iL1 =

Vmω cosωt
(L1 + L2)

, (27)

where ωa
2 = 1

C1(L1+L2)
. Considering initial conditions equal to zero in Equation (27) and assuming that

ωa � ω, the current of the input inductor is given by the following:

iL1 ≈ VmωC1(1− cosωt). (28)

Therefore, the sliding surface is reached when iL1 attains the sinusoidal current reference, and
then the sliding motion is ensured from that moment. Figure 7a shows a simulated detail for condition
1 and the parameters are given in Table 4. The simulation shows the expected behavior of the current
iL1 and how the sliding surface is reached. The behavior when finite switching frequency is imposed
using a hysteresis comparator is also depicted (Figure 7b). In the latter case, it is possible to observe
how the current remains inside the hysteresis band of width ±∆ around ire f .
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2.4.2. Condition 2. Figures 2a and 3a: a = 0, u = 1

Irrespective of the behavior of the current iL2, the following is derived from Equation (1):

diL1

dt
=

vac

L1
. (29)

By solving the differential equation for diL1
dt , the current of the input inductor is defined by

Equation (30).

iL1 =
Vm sinωt

L1
t. (30)

Again, the sliding surface is reached when iL1 attains the reference ire f . Figure 8a shows a
simulated detail of the special case 2 and the parameters are given in Table 4. The behavior when a
finite switching frequency is imposed using a hysteresis comparator with hysteresis band ±∆ around
ire f is also depicted.
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3. Design Considerations and Control Implementation

3.1. Converter Design Considerations

The implementation of the proposed sliding mode control imposes a constant amplitude δ in the
ripple content of the inductor current iL1, which in turn forces the switching frequency of the converter
to vary along the period of the AC input. As a consequence, the inductor L1 can be selected to ensure
the operation of the converter in CCM and constrain the maximum limit of the switching frequency.
From Equations (1) and (18) for a = 0, it is possible to obtain the duration of the on and off intervals
(u = 1 and u = 0, respectively) and compute the switching frequency as a function of the instantaneous
angle in a period of the AC input voltage:

fsmax =
VdcVm

2δL1(Vdc + NVm)
.

Then, the value of the inductor L1 can be derived from the expression:

L1 =
VdcVm

2δ fsmax(Vdc + NVm)
.

Similarly, the value of the inductor L2 can be obtained from the expression:

L2 =
VdcVm

∆iL2 fsmax(Vdc + NVm)
,
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where ∆iL2 can be defined as close to 2δ or higher to reduce the final value of L2.

3.2. Control Implementation Scheme

As it is observed in Figure 9, the current reference ire f is provided by a digitally implemented sine
waveform generator, which uses an external phase looked loop (PLL). The PLL delivers a square signal
with the same frequency f of the input voltage and a high frequency (2m f ) square signal, which is used
as a clock signal to reproduce sample by sample a discrete sine waveform stored in a look-up table in a
microcontroller. The low-frequency signal also ensures synchronization at zero phase. The value of m
defines not only the resolution of the reference, but also the amount of memory required to store it. A
value of m = 11 is used to ensure a THD lower than 1%, requiring 29 memory locations in order to store
a quarter of cycle of the sine waveform, which is enough to easily reconstruct the complete sinusoidal
signal. The continuous-time version of the reference can be produced by adding a serial digital to
analog converter (DAC) [33], or alternatively by using the PWM modules of the microcontroller [37].

Theoretically, the sliding motion appears when the system switches at an infinite frequency.
However, in the real implementation, this is not possible because of the limitation of semiconductor
devices. Then, a hysteresis band is introduced to enforce the frequency into a finite range. The control
law becomes the following:

u =


f or vac > 0

0 i f S(x) > δ

1 i f S(x) < −δ

f or vac < 0

0 i f S(x) < δ

1 i f S(x) > −δ

. (31)

A simple electronic implementation is obtained using two analog integrated comparators and one
S-R type flip-flop, as is shown in Figure 9.

As is also depicted in Figure 9, the implementation of the proposed control requires the
measurement of the input inductor current and the AC input voltage. The precision of the measurements
directly compromises the power quality of the rectifier, which requires the use of specific sensors to
provide preferably isolation and wide bandwidth.
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4. Experimental Validation

A simulation was developed in PSIM software obtaining current and voltage waveforms of the
converter without considering parasitic elements was used along with the paper to complement the
theoretical analysis. This section presents experimental results validating the theoretical predictions of
Section 2. Besides, to assess the tracking capability of the sliding mode control in the current loop, a
comparison of simulated and experimental results is presented, showing that the influence of parasitic
resistances, inductances, and capacitances on the converter behavior is negligible. This means that the
converter ideal model is sufficient to design the sliding-mode strategy, which eventually provides the
insensitivity to the parasitic elements.

4.1. Converter Prototype and Experimental Setup

A 100 W prototype of the isolated HPF SEPIC rectifier was developed in the laboratory. Details on
the converter parameters, passive components, and power semiconductors are listed in Table 4.

Table 4. Specification, parameters, and main components of the laboratory prototype.

Parameter Symbol Value Units

Nominal input voltage Vg 120 V
Nominal power P 100 W
Input frequency fg 60 Hz

DC voltage Vdc 400 VDC

SuperMesh Technology N-Channel
MOSFET S1 and S2

950 V

STD6N95K5 9 A
MOSFET on-resistance Rds−on 1.25 Ω

SiC Schottky diodes D1, D2, D3 and D4
1700 V

GP2D005A170B 5 A

Input inductor (Bourns 1140-222-RC) L1 2 mH

Coupled inductor (TDK E 55/28/21 Core) L2 1 mH
Primary winding (20 AWG) N1 36 turns

Secondary windings (24 AWG) N2, N3 78 turns

Intermediate capacitor (EPCOS
Z115056959) C1 1 µF

The current reference generator is implemented using one microcontroller dsPIC30F4011, one
DAC-SPI (digital to analog converter for serial peripheral interface) MCP4812 (Microchip, AZ, USA),
and one analog multiplier AD633 (Analog Devices, MA, USA), and one. The amplitude of the reference
is selected manually using a precision potentiometer 3590S-2-503L (Bourns, CA, USA) and an external
signal. This signal is constrained between 1 and 5 V, representing the real amplitude of the input
current between 0.1 and 1 A.

The sliding-mode controller is implemented using two comparators of the IC LM339 and a
flip-flop of the IC CD4027. The MOSFETs are triggered using two MOSFET photo-drivers TLP350
(Toshiba International Corporation, Houston, TX, USA) fed by 24 V isolated power sources. The current
measurement for control feedback is implemented using an isolated closed-loop Hall-effect transducer
CAS 6-NP (LEM, Plan-les-Ouates, Switzerland). The AC source voltage measurement is implemented
using one isolated closed-loop Hall-effect transducer LV-20P. Both sensor signals are conditioned by
means of operational amplifiers LMV324. The IC CD4047 is used as a voltage controlled oscillator
(VCO) to provide the high frequency signal of the PLL, while the IC CD4060 is used as a frequency
divider to produce the low frequency signal. In the same prototype, an alternative way to obtain a
square signal from the AC input voltage is included for comparison. The latter circuit includes two
photocouplers of the IC MCT6, one comparator of the IC LM339, and one flip-flop of the IC CD4027.
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A picture of the converter prototype is shown in Figure 10, wherein the passive components, power
semiconductors, input and output terminals, microcontroller, and sensor can be observed.Energies 2019, 12, x FOR PEER REVIEW 15 of 22 
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The workbench to obtain the experimental measurements depicted in Figure 11 is composed of
the equipment set described in Table 5.
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Table 5. Equipment used in the experimental setup.

Equipment Model Capacity

Programmable DC load IT8512B+ 600 V/300 W
Oscilloscope TDS2024C 50 MHz

Digital Multimeter 34401A 600 V
Power source for control circuits GPC-3030D 30 V/3 A

Power quality analyzer FLUKE 43B 600 V

4.2. Tracking of the Current Reference—Comparison of Simulated and Experimental Results

A comparison between simulated and experimental results is presented to validate the
reproducibility and effectiveness of the proposed control in the tracking of the current reference.
The harmonic content of the AC input voltage measured in the experiments was introduced in PSIM
simulations (see Table 6). A fixed value of ±0.2 A was used to define the hysteresis band around the
sliding surface.

Table 6. Frequency content of the input voltage (total harmonic distortion (THD) = 3.5%).

Frequency (Hz) Amplitude (V) Phase (◦)

60 120
√

2 0
300 3.4

√
2 −144

420 1.4
√

2 20

Figure 12a shows the simulated waveforms of input voltage, input current, and input current
reference when the converter works with a power level of 31 W. It can be observed that the tracking of
the sinusoidal current reference, that is, the sliding motion, is accomplished along the entire cycle of
the AC source. Figure 12b shows the experimental results for the same operating conditions. Namely,
the same input voltage, the programmable load operating as constant voltage load at 400 V, and the
current reference configured manually at the same value (0.35 A). The results are very similar, showing
that the effect of parasitic components in the real circuit has a negligible effect on the behavior of the
controlled circuit.

Energies 2019, 12, x FOR PEER REVIEW 16 of 22 

 

4.2. Tracking of the Current Reference—Comparison of Simulated and Experimental Results 

A comparison between simulated and experimental results is presented to validate the 
reproducibility and effectiveness of the proposed control in the tracking of the current reference. The 
harmonic content of the AC input voltage measured in the experiments was introduced in PSIM 
simulations (see Table 6). A fixed value of ±0.2 A was used to define the hysteresis band around the 
sliding surface. 

Figure 12a shows the simulated waveforms of input voltage, input current, and input current 
reference when the converter works with a power level of 31 W. It can be observed that the tracking 
of the sinusoidal current reference, that is, the sliding motion, is accomplished along the entire cycle 
of the AC source. Figure 12b shows the experimental results for the same operating conditions. 
Namely, the same input voltage, the programmable load operating as constant voltage load at 400 V, 
and the current reference configured manually at the same value (0.35 A). The results are very similar, 
showing that the effect of parasitic components in the real circuit has a negligible effect on the 
behavior of the controlled circuit. 

Table 6. Frequency content of the input voltage (total harmonic distortion (THD) = 3.5%). 

Frequency (Hz) Amplitude (V) Phase (°) 
60 120√2 0 
300 3.4√2 −144 
420 1.4√2 20 

 

  
(a) (b) 

Figure 12. Current and voltage waveforms at the AC side of the converter during a 31 W test: (a) 
simulated results and (b) experimental results. Scales: 0.5 A/div and 100 V/div. 

Similarly, Figure 13a shows the simulated waveforms of input voltage, input current, and input 
current reference when the converter works with a power level of 95 W. Again, it can be observed 
that the tracking of the sinusoidal current reference, that is, the sliding motion, is accomplished along 
the entire cycle of the AC source. Figure 13b shows the experimental results for the same operating 
conditions, which correspond to a current reference of 0.8 A. It can be observed that simulated and 
measured waveforms are very similar, showing that the effect of parasitic components in the real 
circuit is still negligible for high levels of power. This fact allows us to assert that the converter control 
has a good behavior along a wide power range. 

Figure 12. Current and voltage waveforms at the AC side of the converter during a 31 W test:
(a) simulated results and (b) experimental results. Scales: 0.5 A/div and 100 V/div.

Similarly, Figure 13a shows the simulated waveforms of input voltage, input current, and input
current reference when the converter works with a power level of 95 W. Again, it can be observed
that the tracking of the sinusoidal current reference, that is, the sliding motion, is accomplished along
the entire cycle of the AC source. Figure 13b shows the experimental results for the same operating
conditions, which correspond to a current reference of 0.8 A. It can be observed that simulated and
measured waveforms are very similar, showing that the effect of parasitic components in the real circuit
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is still negligible for high levels of power. This fact allows us to assert that the converter control has a
good behavior along a wide power range.Energies 2019, 12, x FOR PEER REVIEW 17 of 22 
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4.3. Experimental Power Quality Assessment

The power quality obtained with the proposed control was evaluated for different power levels, and
it was found that the power factor (PF) is always higher than 0.95 when the converter operates between
10% and 120% of its nominal power (100 W), whereas the displacement power factor (DPF) is always 1.0.
The THD always takes satisfactory values below the requirements of the international standards [12].

Figure 14 shows the measurements obtained with the power quality analyzer for two power
levels, namely 31 W and 95 W. As can be observed for the low power level, the PF is low and the
THD-R is high. On the contrary, for the high power level, the PF is higher and the THD is lower. It is
worth highlighting the low value of THD-R obtained in the current at high power levels (1.6%), which
illustrates the effectiveness of the proposed rectifier control.
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4.4. Transient Behavior Assessment

The output port of the rectifier is connected to an LVDC bus whose behavior is emulated in
experiments by using a programmable load configured as a constant voltage load. The input port of
the converter is connected directly to the grid (120 V/60 Hz). Then, input and output voltages are
imposed by external conditions. The transient behavior of the variables in the proposed HPF rectifier
was evaluated by applying sudden changes in the current reference, which were introduced in the
control circuit by replacing the precision potentiometer by a signal generator. As can be observed in
Figure 15, the amplitude of the current reference follows a square periodic waveform of 2 Hz with a
minimum level of 0.25 A and a maximum level of 0.75 A. As expected, the input current responds
immediately to the induced changes, while the other variables preserve their stability.
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4.5. Comparison with Previous Results

The isolated bridgeless SEPIC rectifier studied in this paper was controlled to ensure a high power
factor interfacing an AC source with an LVDC distribution bus. The work reported here has taken into
account some constraints that have not been considered before in the literature, namely the absence of
output voltage regulation loops and the absence of the dynamic effect of the output capacitor in the
converter dynamics. The benefits of applying sliding-mode control in the proposed converter with the
mentioned constraints can be observed in terms of simple implementation, fast and robust response,
and general improvement of quality indicators such as high power factor (>0.98) and reduced THD
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(<5%). These quality indicators for the entire range of operation of the converter are above the quality
levels reported before for the same topology or for modified versions of the basic circuit [14–17,21–28].

5. Conclusions

In this paper, the modeling and nonlinear control of the isolated bridgeless SEPIC rectifier
interfacing an AC source with an LVDC bus were presented. The use of a hysteresis-based sliding mode
control approach to ensure the tracking of a high quality current reference yielded very satisfactory
results. A simple sliding surface allowed us to ensure high power quality and robustness in the
isolated SEPIC rectifier with an easy electronic implementation. The correct operation of the proposed
control was validated using several simulation and experimental results. It was demonstrated that the
proposed solution exhibits adequate performance in power quality indicators such as THD always
being lower than 3.5% (1.6% for the best case) and a PF higher than 0.95 (0.99 for the best case).

The simplicity of the implementation and the low levels of THD demonstrated that the proposed
control method is comparable to the best strategies reported in the literature. Hence, the studied SEPIC
converter with the proposed control is a promising alternative for the insertion of HPFs in emerging
energy processing applications.

Moreover, the analysis carried out in the paper tackled—for the first time—the behavior of the
isolated SEPIC circuit at zero crossing points. This additional mode cannot be considered as a trivial
finding, because it differs from the known behavior of the conventional SEPIC topology used in DC–DC
conversion. Nonetheless, in spite of the existence of this additional mode, the proposed sliding mode
controller results to be immune to it because, after a brief dwell time in that mode, the sliding surface
is quickly attained.

Our future work contemplates the study of the converter control when the coupled inductor
operates in discontinuous conduction mode. This would introduce a substantial theoretical difference
for the sliding motion, but it could result practically in important advantages in both the whole
performance and converter power density.
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Nomenclature

iL1 Current through the inductor L1.
iL2 Current through the inductor L2.
iL2x Current through the magnetizing inductance of L2.
Im Amplitude of the sinusoidal current reference ire f .
Idc Average current through the load voltage source Vdc.
ire f Reference of the current control loop.
ip Input current in the primary winding of L2.
iC1 Current through the intermediate capacitor.
iD3 Current through the diode D3.
iD4 Current through the diode D4.
vac AC input voltage.
vL1 Voltage across the inductor L1.
vL2 Voltage across the inductor L2.
vC1 Voltage across the intermediate capacitor.
Vdc LVDC bus voltage.
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Vm Amplitude of the sinusoidal input voltage vac.
vD3 Voltage across the diode D3.
vD4 Voltage across the diode D4.
vs1 Voltage across the secondary winding 1 of L2.
vs2 Voltage across the secondary winding 2 of L2.
L1 Input inductance.
L2 Coupled inductance.
C1 Intermediate capacitance.
S1 Switch configuring the current path with D2.
S2 Switch configuring the current path with D1.
N Turns ratio of the coupled inductor L2.
n1 Number of turns of the primary winding of L2.
n2 Number of turns of the secondary winding 1 of L2.
n3 Number of turns of the secondary winding 2 of L2.
D2 Diode configuring the current path with S2.
D2 Diode configuring the current path with S1.
D3 Diode connected to the secondary winding 1.
D4 Diode connected to the secondary winding 2.
ε Time interval in which the sliding surface is attained after a zero crossing.
a Variable modelling the special case of zero crossing when it takes a value equal to one.
u Discrete control signal.
S(x) Sliding surface.
K Voltage value defined to simplify Expression (19).
KVI Constant value assigned to vac to verify the existence of sliding modes.
KCI Constant value assigned to iL1 to verify the existence of sliding modes.
ueq Equivalent control.
f Grid frequency.
ω Grid angular frequency.
ωa Resonance frequency of the series LC circuit that results when a = 1.
δ Value defining the limits of the hysteresis band.
m Exponent defining the frequency 2m f of the high-frequency signal of a digital PLL.

Appendix A

By replacing K in expression (21), the following is obtained:

ip =

 −
Vm
K

[
VmC1ω

2 sin 2ωt− Im sin2 2ωt
]

f or 0 ≤ ωt < π

−
Vm
K

[
VmC1ω

2 sin 2ωt− Im sin2 2ωt
]

f or π ≤ ωt < 2π
. (A1)

Then, Expression (22) can be rewritten as follows:

iD3 =

{
−

Vm
K

[
VmC1ω

2 sin 2ωt− Im sin2 2ωt
]

f or 0 ≤ ωt < π

0 f or π ≤ ωt < 2π
. (A2)

By replacing (A2), Expression (24) becomes the following:

Idc =
1
π

∫ π

0 iD3dωt = 1
π

[
−

Vm
2C1ω

4Vdc

∫ π

0 sin 2ωtdωt + ImVmπ
2Vdc

−
ImVm
8Vdc

∫ π

0 cos 4ωtdωt
]
,

Idc =
1
π

[
Vm

2C1ω
4Vdc

cos 2ωt
∣∣∣∣∣ π

0 + ImVmπ
2Vdc

−
ImVm
8Vdc

sin 4ωt
∣∣∣∣∣ π

0

]
,

Idc =
ImVm
2Vdc

.

(A3)
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