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Abstract: Rectifiers with power factor correction are key devices to supply DC loads from AC sources,
guaranteeing a power factor close to one and low total harmonic distortion. Boost-based power factor
correction rectifiers are the most widely used topology and they are formed by a power stage (diode
bridge and Boost converter) and a control system. However, there is a relevant control problem,
because controllers are designed with linearized models of the converters for a specific operating
point; consequently, the required dynamic performance and stability of the whole system for different
operating points are not guaranteed. Another weak and common practice is to design the power
and control stages independently. This paper proposes a co-design procedure for both the power
stage and the control system of a Boost-based PFC rectifier, which is focused on guaranteeing the
system’s stability in any operating conditions. Moreover, the design procedure assures a maximum
switching frequency and the fulfillment of different design requirements for the output voltage:
maximum overshoot and settling time before load disturbances, maximum ripple, and the desired
damping ratio. The proposed control has a cascade structure, where the inner loop is a sliding-mode
controller (SMC) to track the inductor current reference, and the outer loop is an adaptive PI regulator
of the output voltage, which manipulates the amplitude of the inductor current reference. The paper
includes the stability analysis of the SMC, the design procedure of the inductor to guarantee the
system stability, and the design of the adaptive PI controller parameters and the capacitor to achieve
the desired dynamic performance of the output voltage. The proposed rectifier is simulated in PSIM
and the results validate the co-design procedures and show that the proposed system is stable for any
operating conditions and satisfies the design requirements.

Keywords: sliding-mode control; active rectifier; harmonic distortion; power factor; adaptive control

1. Introduction

Rectifiers, or AC/DC converters, are essential electronic devices to feed DC loads from
AC sources. In fact, most of the DC loads used in residential or industrial applications
include rectifiers to generate the required DC voltage from the grid. Typical rectifiers are
constructed with a diode or thyristor bridge and a capacitor to generate an approximately
constant voltage to supply the power required by the load. Although those rectifiers are
simple and low cost, they produce large distortions in the current provided by the AC
source, since a typical rectifier, even with an ideal resistor as load, is a highly nonlinear
load from the AC source point of view [1,2]. Those nonlinear loads are translated into
a significant increment of the Total Harmonic Distortion (THD) of the AC sources, they
negatively affect the load power factor (PF), produce imbalances in the three-phase systems,
and, as consequence, it is not possible to utilize the full energy potential from the grid nor
meet power quality standards such as IEC 61000-2-3 [3] and IEEE 519 [4].
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One option to supply a DC load from an AC source with low-input current distortions
(i.e., low THD) and PF close to one are the rectifiers with active power factor correction
(PFC), which are usually formed by a diode bridge, a DC/DC power converter, and a
control system [1,2]. Even if those devices introduce higher system complexity and higher
costs, regarding traditional rectifiers, the joint operation of the DC/DC converter and the
control system can cause the rectifier to behave as a resistive load from the AC source
perspective. Hence, the PF is close to one, the THD is significantly improved, and there is
a reduction in the three-phase system imbalances; all of this allows the increment of the
power drawn from the grid. Additionally, these devices can be used for different power
levels and allow the compliance of power quality standards [1,2].

PFC rectifiers can be implemented with different DC/DC converter topologies such as
Boost, Buck [5], Buck-Boost [6], Cuk [7], Sepic [8], and Flyback [9], among others. However,
Boost-based PFC rectifiers are the most widely adopted topology in the literature, since
the Boost converter provides continuous input current, requires few elements (i.e., low
cost), has a simple model, and has a simpler analysis and control design than Cuk- and
SEPIC-based rectifiers [1,2]. Additionally, Boost converters are also extensively used in
a high variety of applications, from motor drives [10] to microgrids [11]. Therefore, this
paper considers a Boost-based PFC rectifier to propose a co-design procedure for both
converter and control strategy.

In Boost-based PFC, the control problem is to regulate the DC output voltage (vdc)
to a constant reference (vr) with zero steady-state error considering a time-varying input
voltage (vin = vpk · | sin(w · t)|) as well as perturbations in the DC load current (idc) and the
peak input voltage (vpk): where vin is the input voltage, w is the angular frequency, and t
is the time. Table 1 summarizes the main perturbations and their main causes and effects
on vdc. Although the typical control structure for widely used power converters, such as
Buck and Boost, is aimed at regulating their output voltage with a single loop [12,13], the
most common structure to tackle this control problem is a cascade controller, where the
outer loop regulates the DC output voltage (vdc) to a constant reference (vr) by modifying
the amplitude of the inductor current reference (ir), while the inner loop tracks ir acting on
the Boost switch [1]. Moreover, ir must be in phase with the converter input voltage (vin),
which corresponds to the output of the diode bridge, i.e., vin = vpk · | sin(w · t)|; hence, ir is
defined as ir = ipk · | sin(w · t)|, where w is the angular frequency of the AC source.

Table 1. PFC main perturbations, causes and effects.

Perturbation Main Cause Main Effect

Change in idc Connection/disconnection of loads Reduction/increment in vdc
Change in vpk Sag/swell in grid voltage Reduction/increment in vdc

The outer loop is typically implemented with a PI controller, either with analog [1,14–17]
or digital circuitry [18–20], since it rejects load perturbations, it provides zero steady-state
error, and its parameters can be tuned by frequency response [16,19]. Moreover, the PFC
system regulated by a PI controller is relatively simple because the inner loop deals with
the system nonlinearities and the time-varying reference. Nevertheless, in many cases the
design procedure of the PI controller of the outer loop is not provided [14,15,18,20] or it is
not clearly explained [16,17,19].

The inner loop can be implemented with linear or nonlinear controllers to track
ir. Linear controllers such as P [19] and PI [17] are commonly used to track ir in PFC
rectifiers. These controllers are simple, can be implemented with analog circuits or micro-
controllers, and can be tuned with different methods, such as frequency response [17,19].
However, in many works, the authors do not provide a clear design method for the linear
controllers [16,17,19], and those controllers are designed and tuned with linearized models
of the DC/DC converter in a particular operating point; therefore, they cannot guarantee
the desired dynamic performance for different loads, and the system stability may be
compromised under particular operating conditions. Moreover, other works, such as the
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one reported in [21], use feedforward compensators to improve the dynamic response of
the system. That work is based on two control loops (inner current loop and outer voltage
loop), which have two adaptive gains calculated to compensate changes on the grid voltage
and load current. However, that paper only considers resistive loads in its analysis and
the adaptive gains have a calculation delay imposed by a peak detector, which needs half
of the grid cycle to update their values. That is why sliding-mode controllers (SMC) are
an interesting option for controlling Boost converters [13], since they take advantage of
the converter variable structure imposed by the switch, and those controllers provide fast
dynamic responses.

The authors of [18,20] propose a cascade controller for a Boost-based PFC where the
outer loop is a digital PI to regulate vdc and the inner loop is an SMC to track ir. Although
in both papers the switching function is defined as Ψ = iL − ir (where iL is the inductor
current), the authors of [18] propose a method to implement the hysteresis band on a
microcontroller, while [20] uses the equivalent control analysis to calculate the converter
duty cycle to generate a PWM that acts on the switch. Moreover, [20] proposes an additional
loop to regulate the converter switching frequency to a desired value by modifying the
hysteresis band. However, these papers do not provide a design procedure of the PI
parameters and [18] do not include the stability analysis. Furthermore, the SMC proposed
in [18] generates a duty cycle and not the converter switching signal, which reduces the
speed of the system dynamic response.

In [15,22], the authors propose an SMC to track ir where the switching function has
the following form: Ψ = k1 · (iL − ir) + k2 · (vdc − vr). The authors of [15] do not perform
the stability analysis nor provide a design procedure for k1 and k2; but they use a PI as
outer loop to regulate vdc (by modifying ir) and to guarantee zero steady-state error. While
in [22] the authors perform the stability analysis of the controlled system, they propose an
expression to determine the hysteresis band to assure a maximum switching frequency, and
they determine the SMC parameters (k1 and k2) by using a genetic algorithm. Unfortunately,
the control structure proposed in [22] does not include an outer loop to regulate vdc, which
results in steady-state error in vdc; in addition, the optimization problem to determine k1
and k2 is not clearly explained.

Other works use SMC theory to propose complex controllers to track ir by generating
the duty cycle of the Boost converter [14,23–25]. In [23], the authors propose an SMC
observer for iL and vdc, and combine this observer with a triangular signal to generate a
PWM with a fixed frequency. The proposed control system has four parameters: two for
the SMC observer and two to define the triangular signal. Although the work [23] includes
a Lyapunov-based stability analysis and defines conditions to guarantee the stability, it
does not provide a methodology to design the four controller parameters and it does not
regulate vdc, since no outer loop is implemented.

Moreover, the works presented in [14,24,25] use complex switching functions to imple-
ment the SMCs. In [14,24], the proposed switching functions include the inductor current
error as well as its first [14] and the second integrals [24]; while in [25], the switching func-
tion considers the inductor current and output voltage errors along with their integrals. On
the one hand, the advantages of the work introduced in [14] are: it combines two switching
functions to provide robustness to uncertainties in the inductor resistance and inductance;
it performs a Lyapunov-based stability analysis; and the controller includes a PI to regulate
vdc and to provide zero steady-state error. However, one of the switching functions is
not clearly defined and there is no design procedure for the PI parameters. On the other
hand, the advantages of the work presented in [24] are: it provides a design procedure
for the SMC parameters (based on frequency response); it performs the stability analysis
using sliding-mode theory; and the SMC is implemented with a commercial PFC controller
(integrated circuit). However, the controller does not include an outer loop to regulate
vdc (i.e., vdc has a steady-state error), the SMC implementation with the commercial PFC
integrated circuit is not clearly justified, and the experimental results show high ripples
in iL.



Computation 2022, 10, 61 4 of 28

Additionally, one of the advantages of the controller proposed in [25] is that inductor-
current SMC includes the output voltage error in the switching function to improve the
dynamic response and robustness of vdc, which is regulated by a PI. The other advantage
is that the paper includes the stability analysis of the system and the inequalities to be
considered for the design of the three switching function constants. Nevertheless, there is
not a detailed design procedure for the SMC parameters to facilitate its implementation in
other converters, it requires an additional sensor to measure the output capacitor current,
and considers a resistive load. Further, similar to the SMC-based controllers introduced
in [14,23–25], the SMC generates a PWM signal and not the converter-switching signal,
which reduces the speed of the converter dynamic response.

Finally, the controller proposed in [26] combines the SMC and fuzzy logic control
(FLC) to track the inductor current reference generated by a PI regulator of the output
voltage. The SMC is used to generate one component of the duty cycle (or the equivalent
control signal ueq) considering a simple sliding surface (Ψ = iL − ir), while the FLC uses
the signal S = (iL − ir)− d(iL − ir)/dt to generate a second component of the duty cycle
(us). Then, ueq and us are combined to generate the converter duty cycle. Even though the
authors validate the proposed approach with experimental results, they do not perform
any stability analysis of the system nor a design procedure of the proposed controllers.
Moreover, they do not provide information on the PI regulator of vdc and the SMC is not
used to generate the converter switching signal.

From the papers discussed before, it is possible to identify two main points: the first
one is the lack of a joint design procedure (or co-design) of the converter’s and controller’s
parameters considering the system stability, and the second one is the lack of a solution for
the open-loop condition when iL = 0 [A]. Regarding the first point, only [16] provides ex-
pressions to determine the converter’s inductor and capacitor, while [27] merely introduces
an expression to define the capacitor; nevertheless, those expressions are independent
of the control structure and they do not consider the system stability. Regarding the sec-
ond point, in [23,24], the authors determine the region (in radians) where the system is
“out-of-control” [23] or the time interval where the system is in open-loop [24]; however,
these works do not propose any solution to guarantee the system stability when iL is close
to zero.

Therefore, this paper proposes a co-design procedure of the control system (inner and
outer loops) and the converter for a Boost-based PFC to guarantee global stability of the
system even close to iL = 0 [A]. The proposed controller assures a PF close to one as well as
vdc regulation with the desired ripple and settling time before nonlinear load perturbations.
The inner loop tracks ir and it is implemented with an SMC using a simple switching
function Ψ = iL − ir, while the outer loop regulates vdc with an adaptive PI controller.
Hence, this paper has three main contributions: (1) a cascade controller that guarantees the
global stability of the system for any operating condition and considering nonlinear loads,
(2) a detailed co-design procedure of the converter (L and C) and controller parameters
(kp and ki) to ensure the system stability and the desired dynamic response (settling time,
maximum overshoot, and vdc ripple), (3) a solution for the open-loop condition when
iL = 0 [A] as well as a detailed analysis of the ripples in vdc produced by the time-varying
input voltage.

The rest of the paper begins with Section 2, which includes all the details of the
proposed approach including the mathematical model of the system, the design of the
proposed cascade controller, the design of the inductor, and the design of the capacitor.
Then, Section 3 shows the validation of the proposed approach with detailed simulation
results, and Section 4 closes the paper with the discussion.

2. Materials and Methods

This section describes the proposed co-design procedure of the converter and the con-
trol system for a Boost-based rectifier with PFC. This section is divided into six subsections,
where the first one (Section 2.1) introduces a control-oriented model of the system including
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the Boost converter and a generic load. Then, Section 2.2 presents the SMC controller of
the iL along with the validation of the stability conditions (transversality, reachability, and
equivalent control) and its practical implementation. Later, Section 2.3 shows the inductor
design procedure to guarantee global stability in the SMC. Next, Section 2.4 introduces the
design of the vdc controller and the capacitor to meet the desired dynamic response and
guarantee the system stability; while Section 2.5 presents an analysis of the ripples in vdc
introduced by vin. Finally, Section 2.6 summarizes the complete co-design procedure to
facilitate its implementation.

2.1. Circuital and Mathematical Models

The simplified scheme of the Boost-based rectifier with power factor correction is
reported in Figure 1, where the inductor current iL of the boost converter must be regulated
to be in-phase with the input voltage vin of the converter, i.e., the output voltage of the
diode–bridge rectifier. Moreover, the electrical scheme also shows the nonlinear load
modeled using a current source io; such a model provides higher generality to the system
design in comparison with resistive models usually adopted in literature to represents loads,
since the current source is a suitable model to represent the power converters commonly
present at the input of commercial DC loads [28,29].

L

C io

vg

ig

SMC

u

⨉

ir

+

vin

-

1/Vpk

+

vdc

-

iw Adaptive 
voltage 

controller

ipk
vr

iL

vin

vin

vdc

vdc

iL

AC source and 

diode-bridge rectifier

Boost converter

Current 

controller

Voltage controller

Load

Figure 1. Electrical scheme of the Boost-based rectifier with power factor correction.

The scheme of Figure 1 reports the current controller in red color, which is based on a
sliding-mode controller (SMC) and a multiplier. Such a control system measures the vin
waveform, which is applied to the current reference ir of the SMC, using iw, to ensure the
inductor current iL is in-phase with the input voltage vin, thus ensuring a high power factor
(PF) [1]. The peak value ipk of the current reference is defined by the voltage controller,
which is depicted in blue. Such a voltage controller must be designed using an adaptive
strategy to provide the same performance for any operating condition imposed by the load,
i.e., for different power and current requested by the load.

The switched differential equations describing the boost converter operation are given
in (1) and (2), where u represents the activation signal of the MOSFET.

diL
dt

=
vin − vdc · (1− u)

L
(1)

dvdc
dt

=
iL · (1− u)− io

C
(2)



Computation 2022, 10, 61 6 of 28

The averaged value of u within the switching period Tsw corresponds to the duty cycle
of the converter, i.e., d = (1/Tsw) ·

∫ Tsw
0 u dt, hence, the averaged model of the converter is

the following one:

diL
dt

=
vin − vdc · (1− d)

L
(3)

dvdc
dt

=
iL · (1− d)− io

C
(4)

Finally, the steady-state relations of the converter are obtained from (3) and (4) by
considering the differential equations equal to 0, which lead to:

1− d =
vin
vdc

=
io

iL
(5)

2.2. Current Controller

The current controller is designed using the sliding-mode theory, hence it corresponds
to an SMC. The sliding-mode theory is adopted since it provides robustness to parametric
changes [30,31], which is useful to overcome aging or tolerance effects. Moreover, the SMC
provides a binary output, which matches the binary nature of the control signal u needed
to activate or deactivate the MOSFETs of the DC/DC converter.

The proposed SMC is based on the sliding-surface Φ reported in (6), where Ψ (7) is the
switching function defining the surface. The operation of the system into that surface Φ
forces the inductor current iL to follow the reference ir. In that way, it is possible to impose
a sinusoidal waveform into iL to ensure the desired power factor for the rectifier.

Φ = {Ψ = 0} (6)

Ψ = iL − ir (7)

The analysis of the SMC stability is based on three tests: the transversality condition,
the reachability conditions, and the equivalent control [32,33].

2.2.1. Transversality Condition

The transversality condition evaluates the ability of the controller to modify the system
trajectory. Therefore, the control signal u must be present into the trajectory derivative.
This is formalized as follows:

d
du

(
dΨ
dt

)
6= 0 (8)

The previous condition is fulfilled when the control signal u is present into the deriva-
tive of the switching function Ψ. Therefore, the first step of this analysis is to obtain the
switching function derivative as follows:

dΨ
dt

=
diL
dt
− dir

dt
(9)

Replacing the switching expression of diL
dt given in (1) into (9) leads to:

dΨ
dt

=
vin − vdc · (1− u)

L
− dir

dt
(10)
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Finally, replacing expression (10) into (8) provides the final transversality proof given
in (11), which is always different from zero since vdc and L are positive values. Therefore, it
is confirmed that the SMC based on (7) and (6) is feasible.

d
du

(
dΨ
dt

)
=

vdc
L

> 0 (11)

2.2.2. Reachability Conditions

The reachability conditions test the ability of the SMC to drive the system to the
surface and keep operating inside that desired surface. The reachability conditions are the
following ones [32,33]:

• When the system (Ψ) is operating under the surface (Ψ < 0), the derivative of the
switching function must be positive to reach the surface:

lim
Ψ→0−

dΨ
dt

> 0 (12)

• When the system (Ψ) is operating above the surface (Ψ > 0), the derivative of the
switching function must be negative to reach the surface:

lim
Ψ→0+

dΨ
dt

< 0 (13)

However, the transversality sign also impacts the test of the reachability conditions: a
positive transversality sign implies that positive changes on the control signal u produce
positive switching function derivatives ( dΨ

dt > 0); on the contrary, a negative transversality
sign implies that positive changes on the control signal u produce negative switching
function derivatives ( dΨ

dt < 0). Taking into account that the transversality sign is always
positive (11), the reachability conditions that must be tested for this case are:

lim
Ψ→0−

dΨ
dt

∣∣∣∣
u=1

> 0 (14)

lim
Ψ→0+

dΨ
dt

∣∣∣∣
u=0

< 0 (15)

Replacing the explicit equation for the switching function derivative (10) into both
reachability conditions gives:

vin − vdc
L

<
dir
dt

<
vin
L

(16)

The previous expressions provide the conditions on dir
dt and L that must be fulfilled

to ensure the reachability conditions, which also guarantee the controller stability. In
Section 2.3, the expression for dir

dt will be analyzed to calculate a design equation for L,
which guarantees that the reachability conditions are always fulfilled.

2.2.3. Equivalent Control Condition

In DC/DC converter applications, the equivalent control condition evaluates the
saturation of the duty cycle d [32]. In general, the equivalent control condition is the
following one: the averaged value of the control signal u must be always constrained by
the possible values of that signal. In DC/DC converters, the possible values of u are 1
(MOSFET closed) and 0 (MOSFET open); moreover, the averaged value of u corresponds to
the converter’ duty cycle d. Therefore, when the equivalent control condition is fulfilled,
the DC/DC converter operates with a duty cycle inside the physical limits (0 < d < 1) to
avoid instability caused by duty cycle saturation.
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Since the reachability conditions ensures that the SMC drives the system to the sliding-
surface, the equivalent control condition is evaluated inside the surface:

Ψ = 0 ∧ dΨ
dt

= 0 (17)

The first step of this test is to obtain the expression for the control signal u when the
system is operating inside the sliding surface:

u = 1−
vin − L · diir

dt
vdc

(18)

Then, such an expression is averaged as d = (1/Tsw) ·
∫ Tsw

0 u dt, and the result is
constrained into 0 < d < 1, which results in the same expression previously reported in
(16). Therefore, this test confirms that fulfilling the condition given in (16) also ensures the
equivalent control condition, i.e., the duty cycle is not saturated.

Finally, the three tests confirm that the proposed SMC is stable when condition (16) is
fulfilled; hence, the inductor current iL follows the reference value ir.

2.2.4. Practical Implementation

The proposed SMC requires a control law to be implemented. Such a control law is
extracted from the reachability conditions: from (14) it is observed that the control signal
must be set to u = 1 when Ψ < 0, while (15) indicates that u = 0 when Ψ > 0. However,
theoretical sliding-mode controllers require infinite switching frequency Fsw, which is
impossible to implement [32]. Therefore, SMCs are traditionally implemented using an
hysteresis band ±∆Ψ around the sliding surface to limit the switching frequency:

{Ψ = 0} → {|Ψ| ≤ ∆Ψ} (19)

The previous hysteresis band requires the following practical control law, which is an
extension of the theoretical control law extracted from the reachability conditions:

u =

{
1 if Ψ < −∆Ψ
0 if Ψ > +∆Ψ

(20)

The current reference ir changes at the grid frequency, which is much smaller than the
switching frequency (60 Hz vs. 250–300 kHz). Therefore, with a switching period Tsw (less
than 5 µs) the changes on ir are almost negligible; hence, the hysteresis limit ∆Ψ is equal to
the inductor current ripple ∆iL. Such a relation is obtained from (7) as follows:

∆Ψ = ∆iL because ∆ir ≈ 0 within Tsw (21)

From Equation (1), the inductor current ripple is calculated as given in (22), which
leads to the switching frequency expression given in (23).

∆iL =
vin · d · Tsw

2 · L = ∆Ψ (22)

Fsw =
vin · d

2 · L · ∆Ψ
(23)

Figure 2 illustrates the effect of the hysteresis band on the switching frequency, where
the Ψ waveform is constrained within [−∆Ψ,+∆Ψ]. The figure at the top shows that
reducing ∆Ψ increases Fsw, this because the Ψ waveform requires a shorter time to complete
a period (higher Fsw), which is in agreement with Equation (23).
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Figure 2. Ψ waveform for different values of ∆Ψ and L.

Similarly, the bottom traces of Figure 2 shows the effect of the inductance L in the
switching frequency: reducing L increases the derivative of the inductor current, as given
in (1); hence, the Ψ waveform takes a shorter time to reach the hysteresis band (higher Fsw),
which is also in agreement with Equation (23).

Finally, the switching function Ψ must be always inside the hysteresis band [−∆Ψ,+∆Ψ]
to ensure that the inductor current iL follows the reference value ir. Otherwise, when Ψ is
outside [−∆Ψ,+∆Ψ] the inductor current is not regulated; consequently, the power factor
correction is not ensured. Therefore, both L and ∆Ψ values must be carefully designed.

2.2.5. SMC Circuit

The circuital implementation of the SMC is performed using the control law previously
defined in (20). Such an implementation uses two traditional comparators to test the
inequalities of the control law, and a flip-flop S-R is used to set the control signal u according
to (20): SET (S) = 1 imposes the output Q (u) = 1; while RESET (R) = 1 imposes Q (u) = 0.
Finally, the switching function Ψ is calculated using a subtractor as given in (7). Figure 3
summarizes the circuital implementation of the SMC, which is commonly constructed
using operational amplifiers and a TS555-integrated circuit [34,35].

Power system

-
+

ψ
ir

iL

u

-Δψ

+Δψ

S

R

Q

+

-

+

-

Figure 3. Circuital implementation of the SMC.
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2.3. Design of the Inductor to Guarantee Global Stability

The inductor L must be designed to ensure that the reachability conditions (16) are
fulfilled, otherwise the global stability of the SMC will not be guaranteed. From Figure 1,
it is observed that ir must have the same waveform (frequency and phase) that the input
voltage vin to ensure a unitary power factor, but the peak value ipk of the current reference
is defined by the voltage controller to regulate the DC voltage as vdc = vr.

The input voltage of the converter, i.e., the output voltage of the diode rectifier, has
a waveform defined in (24), where vpk is the peak value of the voltage and fg is the grid
frequency (Tg = 1/ fg) is the period of the grid). Therefore, in general, the current reference
has the form given in (25), where ipk is the peak current.

vin = vpk · sin
(
2 · π · fg · t

)
for 0 ≤ t ≤ Tg/2 (24)

ir = ipk · sin
(
2 · π · fg · t

)
for 0 ≤ t ≤ Tg/2 (25)

To evaluate the conditions in (16) it is necessary to calculate the expression for the
derivative of ir:

dir
dt

= 2 · ipk · π · fg · cos
(
2 · π · fg · t

)
(26)

The previous expressions will be analyzed in the interval 0 ≤ t ≤ Tg/2, since those
signals have the same values in the interval Tg/2 ≤ t ≤ Tg due to the action of the diode
bridge rectifier. Replacing expressions (24) and (26) into (16) leads to:

vpk · sin
(
2 · π · fg · t

)
− vdc

L
< 2 · ipk · π · fg · cos

(
2 · π · fg · t

)
(27)

2 · ipk · π · fg · cos
(
2 · π · fg · t

)
<

vpk · sin
(
2 · π · fg · t

)
L

(28)

Taking into account that the boost converter requires an input voltage smaller than
the output voltage, i.e., vin < vdc, condition (27) is fulfilled since the left term is always
negative and the right term is positive in the analysis interval. In contrast, condition (28)
could not be fulfilled when the right side of the expression becomes very small, which
occurs when the input voltage vin and grid voltage vg are near to zero. Therefore, such a
condition must be analyzed in detail: it is observed that expression (28) corresponds to
the reachability condition given in (14), where the switching function derivative has the
following form:

dΨ
dt

∣∣∣∣
u=1

=
vpk · sin

(
2 · π · fg · t

)
L

− 2 · ipk · π · fg · cos
(
2 · π · fg · t

)
(29)

Then, the explicit expression for the changes of Ψ is obtained by integrating Equation (29),
as follows:

Ψ = −
[ vpk

2 · π · fg · L
cos
(
2 · π · fg · t

)
+ ipk · sin

(
2 · π · fg · t

)]
(30)

The maximum amplitude of Ψ when expression (28) is not fulfilled (vin near to zero)
occurs at dΨ

dt

∣∣∣
u=1

= 0; then, the time t = Tx when such a condition occurs is evaluated from
expression (29):

Tx =
Tg

2 · π · arctan

(
2 · π · fg · L · ipk

vpk

)
(31)
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Such a maximum amplitude of Ψ is calculated by evaluating Equation (30) for t = Tx:

max(|Ψ|) =
( vpk

2 · π · fg · L

)−1 +

√√√√1 +

(
2 · π · fg · L · ipk

vpk

)2
 for u = 1 (32)

The previous section described that global stability is ensured when the maximum
deviation of the switching function is always trapped inside the hysteresis band; therefore,
the inductance L must be designed to ensure the following stability condition:

max(|Ψ|) ≤ ∆Ψ (33)

Figure 4 illustrates the waveform of Ψ when the system approaches vin ≈ 0, i.e., not
fulfilling (28), for two values of L: with L1 the stability condition (33) is not fulfilled, hence
iL does not follow closely the reference ir during a section of the grid period, thus degrading
the power factor; instead, with L2 the stability condition (33) is always fulfilled, hence iL
follows closely ir for all the grid period, thus providing a high power factor.

t

ѱ

0

Δѱ

Δѱ

Tx2

ѱ calculated with L2:

max(|ѱ|) < Δѱ 
(always stable)

2·Tx2

Tx1

ѱ calculated with L1:

max(|ѱ|) > Δѱ 
(not always stable)

L1  > L2

2·Tx1

Figure 4. Detailed waveform of Ψ when vin ≈ 0 for different L values.

Figure 4 indicates that L1 > L2, which is confirmed by calculating the partial derivative
of max(|Ψ|) with respect to L, as given in (34), which is always positive. Therefore,
increasing L also increases max(|Ψ|).

∂ max(|Ψ|)
∂L

=

( vpk

2 · π · fg · L2

)1− 1√
1 +

( 2·π· fg ·L·ipk
vpk

)2

 > 0 for u = 1 (34)

Finally, operating (32) and (33), the inductance values that fulfill the reachability
conditions are calculated using (16), ensuring global stability of the SMC even when vin is
near zero.

L ≤
vpk · ∆Ψ

π · fg

[
i2pk − (∆Ψ)2

] (35)

Figure 1 shows that ipk is provided by the voltage controller; hence, the worst-case
condition for ipk is calculated in the following sections.
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2.4. Voltage Controller and Capacitor Design

The voltage controller and bus capacitor must be designed to impose the average
DC voltage vdc required by the load. This process requires the converter behavior to be
modeled under the action of the current controller. Therefore, the following section presents
the equivalent dynamics of the current loop and the proposed voltage loop.

2.4.1. Equivalent Model of the Current and Voltage Loops

Taking into account that the current SMC is globally stable, the sliding surface (6)
ensures that iL = ir. Therefore, the voltage differential Equation (4) of the averaged model
is modified as given in (36), where 〈vdc〉 is the averaged DC voltage at the converter output,
and 〈ir〉 represents the averaged value of the current reference. Finally, Equation (37)
reports the Laplace representation of the averaged DC voltage 〈vdc〉(s) for changes on the
average value of reference 〈ir〉(s) and the load current io(s).

d〈vdc〉
dt

=
〈ir〉 · (1− d)− io

C
(36)

〈vdc〉(s) =
〈ir〉(s) · (1− d)− io(s)

s · C (37)

Figure 5 presents the voltage loop proposed to regulate the DC voltage. In such a
figure the block GV represents the voltage controller, which will be designed in the Laplace
domain.

Gv 1-d
1

sC

io

〈ir〉
vr 〈vdc〉

+

-

+

-

Figure 5. Voltage control loop.

The previous diagram enables to calculate the following closed-loop expression for
the average DC voltage:

〈vdc〉(s) =
GV · (1− d)

s · C + GV · (1− d)
· vr −

1
s · C + GV · (1− d)

· io(s) (38)

2.4.2. Adaptive Controller Design

The proposed voltage controller is given in (39), which corresponds to a proportional-
integral (PI) structure.

GV = kp +
ki
s

(39)

In these kinds of applications, the reference value is usually constant; hence, the
changes on 〈vdc〉(s) are caused by perturbation on the load current io(s). Therefore, the
transfer function Gdc/o(s) between io(s) and 〈vdc〉(s) is calculated from (38) and (39) as
given in (40).

Gdc/o(s) =
〈vdc〉(s)

io(s)
=

−1
s · C + GV · (1− d)

=
− s

C

s2 +
(1−d)kp

C s + (1−d)ki
C

(40)

The main problem of such a model concerns the dependency on the duty cycle d,
which changes depending on the operating point as reported in (5); hence, the values
of kp and ki will produce a different performance for different io. Therefore, this paper
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proposes to adapt the kp and ki values depending on the operating point defined by d; this
is performed by using the following normalized parameters xp and xi:

xp = (1− d)kp ∧ xi = (1− d)ki (41)

Then, expression (40) is rewritten using xp and xi as follows:

Gdc/o(s) =
− s

C

s2 +
xp
C s + xi

C

(42)

The objective is to calculate those xp and xi values to impose the desired performance
in any operating conditions. The performance is defined by the following criteria:

• The reference vr for the averaged DC voltage is constant.
• The load current io is the main perturbation for the average DC voltage. This design is

performed for the worst-case scenario, which corresponds to a step change in the load
current as given in (43), where Io is the step size.

io(s) =
Io

s
(43)

• The maximum deviation allowed for the average DC voltage is MOdc.
• The maximum settling time (2% criterion) for recovering the average DC voltage is ts.
• The waveform of the average DC voltage must have a damping ratio ρ.

Considering the step function of the load current given in (43), the average DC voltage
has the following Laplace representation, in which Io is a scalar.

〈vdc〉(s) =
− Io

C

s2 +
xp
C s + xi

C

(44)

Taking into account that the canonical form of a second order system ω2
n

s2+2·ρ·ωn ·s+ω2
n

has a settling time ts,c = − ln(ε)
ρ·ωn

; then, the values of xp and xi to ensure a damping ratio ρ

and a 2% settling time ts to the average DC voltage are:

xp =
−2 · ln(ε) · C

ts
, ε = 0.02 (45)

xi =

(
− ln(ε)

ρ · ts

)2
· C (46)

From Figure 1, it is observed that the adaptive voltage controller must define only the
peak current ipk of the SMC reference ir, since the current waveform iw is a normalization
of the input voltage (over the peak voltage vpk) to ensure a high power factor. Therefore,
such a peak current ipk must ensure the average reference current 〈ir〉 corresponds to the
value defined by the GV adaptive controller. This process requires the calculation of the

average value of ir from (25) as 〈ir〉 =
2·ipk

π , which leads to the following peak value:

ipk =
π

2
· 〈ir〉 (47)

Hence, the output of the GV adaptive controller must be multiplied by π
2 to ensure

the desired average current extracted from the diode bridge rectifier. Moreover, the xp and
xi values must be denormalized in real-time, dividing them by (1− d), which provides
kp and ki parameters adapted to the operation condition. The structure of the adaptive
voltage controller is summarized in Figure 6: the controller measures vdc and vi to calculate
(1− d), which is used to calculate the kp and ki parameters; moreover, the averaged value
of the DC voltage (〈vdc〉) is calculated using a low-pass filter. Finally, the structure also
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shows the construction of the SMC reference ir from the normalized waveform iw and the
peak current ipk.

Power system

kp

ki

xp xi

÷

+

-

LP ÷

÷

∫
+

+

SMC

π/2

⨉1/vpk

ki

kp

1-d

ipk
vr

ir

〈vdc〉

vdc

vin
iL u

iw

Adaptive voltage 
controller

〈ir〉

Figure 6. Structure of the adaptive voltage controller.

2.4.3. Capacitor Design to Ensure the Average Voltage Deviation MOdc

Another important parameter to ensure the maximum deviation MOdc of the averaged
DC voltage is the capacitance C. The design of such a parameter is performed using the
time-domain waveform 〈vdc〉(t) of the averaged DC voltage, given in (48), which is obtained
from the inverse Laplace transformation of (44).

〈vdc〉(t) =
− Io

C
xp

2·C

√
1
ρ2 − 1

· exp
(
−

xp

2 · C · t
)
· sin

(
xp

2 · C

√
1
ρ2 − 1 · t

)
(48)

The maximum deviation MOdc occurs when the derivative of (48) is equal to zero,
which is named time tm and it is calculated in (49). Then, evaluating 〈vdc〉(t) in (48) for
t = tm leads to the MOdc expression reported in (50).

d〈vdc〉(t)
dt

= 0 ⇒ tm =
arctan

(√
1
ρ2 − 1

)
xp

2·C

√
1
ρ2 − 1

(49)

MOdc = −
2 · Io · ρ

xp
· exp

−arctan
(√

1
ρ2 − 1

)
√

1
ρ2 − 1

 (50)

Finally, replacing the xp value given in (45) into (50) enables to calculate the capacitance
values that ensures the limit value MOdc is not violated:

C ≥ Io · ρ · ts

ln(ε) ·MOdc
· exp

−arctan
(√

1
ρ2 − 1

)
√

1
ρ2 − 1

 (51)

In conclusion, values of C higher than the limit defined in (51) will produce maximum
deviations of the average DC voltage lower than the limit MOdc.
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2.5. Low-Frequency Ripple in the DC Voltage

The operation of any single-phase rectifier produces a low-frequency ripple at the DC
output. This is caused by the capacitor current generated by the interaction between the ac
current extracted from the grid and the DC current requested by the load. Figure 7 shows a
simplified model of the converter output port, where the diode is modeled using a current
source imposing an average rectified current.

C
io

+

vdc

-

(1-d)·ipk·sin(2·π·fg·t)

ic

DC 

waveform

Figure 7. Output port model for analyzing the low-frequency voltage ripple at the DC side.

From the previous circuital scheme it is observed that the capacitor current is
iC = (1− d) · ipk · sin

(
2 · π · fg · t

)
− io, and replacing the values of d and vin given in

(5) and (24) leads to the following expression:

iC =
vpk · ipk

vdc
· sin2(2 · π · fg · t

)
− io (52)

Stable DC voltage implies the capacitor fulfills the charge balance principle, i.e., the
average capacitor current is zero in the complete grid period

[
0, Tg

]
; therefore, the steady-

state relation between the load current io and the peak values is obtained as follows:

1
Tg
·
∫ Tg

0

{vpk · ipk

vdc
· sin2(2 · π · fg · t

)
− io

}
dt = 0 → io =

vpk · ipk

2 · vdc
(53)

Then, replacing that io expression into (53) leads to the explicit expression of iC given
in (54). Figure 8 shows the waveform of iC described by Equation (54). In addition, the
capacitor voltage waveform vdc, imposed by iC, is given by vdc =

1
C ·
∫

iC dt; moreover, the
instants in which iC = dvdc

dt = 0 correspond to the maximum and minimum values of vdc.

Those instants are calculated by solving iC = 0 as t = Tg
8 and t = 3·Tg

8 , and those instants
are depicted in Figure 8. Since iC is a sinusoidal waveform centered in 0, iC is only positive
(or only negative) between the iC = 0 points; in the example of Figure 8 iC is positive;
hence, vdc is monotonically increased from the minimum value to the maximum value of
the ripple.

iC =
vpk · ipk

vdc
·
[

sin2(2 · π · fg · t
)
− 1

2

]
(54)

Δvdc

Δvdc
〈vdc〉

vdc

〈iC〉

iC

=0

Positive current → Increment in voltage

ΔiL

ΔiL

Tg/8 3·Tg/8

Figure 8. Low-frequency ripple waveforms at the DC side.
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Taking into account that the average value 〈vdc〉 of vdc is at the center of the waveform,

the voltage ripple is defined as ±∆vdc around 〈vdc〉. Therefore, 2 · ∆vdc =
1
C ·
∫ 3·Tg/8

Tg/8 iC dt,
which leads to the following ripple magnitude at the DC voltage:

∆vdc =
vpk · ipk

8 · π · fg · C · vdc
(55)

Finally, expression (56) can be used to calculate the capacitor C to ensure a maximum
ripple magnitude ∆vdc, where ipk is replaced by the expression obtained in (53), where
Io,max is the maximum steady-state value at the load current io.

C ≥ Io,max

4 · π · fg · ∆vdc
(56)

2.6. Design Procedure and Application Example

This section is focused on providing a synthesis of the design procedure, which is
illustrated using an application example. Figure 9 shows a scheme of the application
example, which considers an isolation transformer between the ac grid and the power
system for protection purposes [36]. In this example the turn-ratio of the transformer is 2:1,
but such a relation can be modified depending on the application requirements. The orange
block (controlled boost converter) in Figure 9 corresponds to the device to be designed,
which encloses the power stage and control loops detailed in Figure 1.

C io
ig Controlled 

boost 

convertervac

+

vg

-

+

vin

-

+

vdc

-

iL

2:1

Figure 9. Scheme of the application example.

The grid voltage in this application is 120 VAC, hence, the peak voltage at the trans-
former secondary side is vpk = 84.85 V and the grid frequency is fg = 60 Hz. The re-
quired DC voltage for the load is vdc = 220 V; such a load request has a maximum current
Io,max = 2 A, including dynamic step-like changes with amplitudes Io = 1 A. The maximum
acceptable voltage ripple at the DC side, to ensure a correct load operation, is ∆vdc = 4 V.
Similarly, the correct operation of the load requires a maximum deviation of the average
voltage lower than MOdc = −10 V with a 2% settling time shorter than ts,2% = 100 ms.
This application considers a damping ratio ρ = 0.707 to provide a trade-off between re-
sponse time and oscillations, and the maximum switching frequency (Fsw,max) is set to
Fsw = 300 kHz due to the limitations of average semiconductors. Table 2 summarizes the
application parameters.

Table 2. Parameters for the application example.

Parameter Value Parameter Value

vpk 84.85 V vdc 220 V
fg 60 Hz Fsw,max 300 kHz
Io 1 A Io,max 2 A

MOdc −10 V ∆vdc 4 V
ρ 0.707 ts,2% 100 ms
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2.6.1. Design of the Inductor and Hysteresis Band

The first step is to design the indictor L and hysteresis band ∆Ψ to ensure both
global stability and maximum switching frequency. Those parameters are governed by
Equations (23) and (35). The maximum Fsw value is obtained at the maximum value of
vin, which corresponds to vpk and d = vpk/vdc − 1. Similarly, the ipk value on the stability
Equation (35) is calculated as given in (53) using Io,max. Then, the system of equations
formed by the parameterized versions of (23) and (35) is solved to establish the values
fulfilling both maximum switching frequency and global stability, which can be done using
any numerical method. Figure 10 shows the solution of such an equation system, where
four zones are observed:

• Left zone: a zone where Equation (35) is fulfilled, thus the system is stable, but the
switching frequency is higher than 300 kHz.

• Right zone: a zone where Equation (23) ensures Fsw ≤ 300 kHz, but the system
is unstable.

• Bottom zone: a zone where the system is unstable and Fsw > 300 kHz.
• Top zone: a zone where both global stability and and Fsw ≤ 300 kHz are ensured.

Stable and

Fsw > 300 kHz

Unstable and

Fsw > 300 kHz 

Stable and

Fsw ≤ 300 kHz 

Unstable and

Fsw ≤ 300 kHz

Figure 10. Design of the inductor L and hysteresis band ∆Ψ.

Therefore, any point inside the Top zone is acceptable (global stability and
Fsw ≤ 300 kHz). For this application example, Figure 10 was constructed by defining
two vectors (Lv and ∆Ψv) of possible values of inductance (from 550 µH to 950 µH with
steps of 1 µH) and ∆Ψ (from 0.09 A to 0.15 A with steps of 100 µA). The next step is to
generate the matrix Fsw,m by evaluating (23) for the possible combinations of Lv and ∆Ψv,
which is used to identify the region where the switching frequency is lower or equal than
Fsw,max (300 kHz). Moreover, the stability condition (35) is evaluated for each possible
combination of Lv and ∆Ψv elements, which serves to determine the regions where the
system is stable or unstable. Finally, Figure 10 is the result of plotting Fsw,m in the region
where the system is stable and the switching frequency is lower than or equal to 300 kHz.
For this example, a point at the frontier of that zone is selected to define a maximum
switching frequency equal to 300 kHz, but any other one can be used; the particular point
is {L = 770 µH, ∆Ψ = 113 mA}.
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2.6.2. Design of the Capacitor and Controller Parameters

The next step is to design the capacitor of the power stage. This process is performed
using Equation (51) to ensure an average voltage deviation smaller than MOdc, and using
Equation (56) to ensure a voltage ripple lower than ∆vdc at the DC side. Both expressions
provide the minimum C value needed to fulfill MOdc and ∆vdc conditions; thus, a capacitor
higher than the result of both equations must be selected.

Figure 11 shows the equations for calculating both MOdc and ∆vdc (solid lines), and
the zones in which the average voltage deviation and voltage ripple are below the design
parameters defined in Table 2. In this application example, C ≥ 663.15 µF is needed to
fulfill the desired maximum ∆vdc, according to (56); while C ≥ 823.62 µF is required to
meet the MOdc restriction given by (51); therefore, in this particular case, the limit imposed
by (51) is the most restrictive condition. For this example, the value C = 827 µF is selected
inside both zones, which provides MOdc = −9.96 V and ∆vdc = 3.2 V, thus fulfilling the
restrictions given in Table 2.

MOdc = -10V

∆vdc = 4V

Minimum C 

to fulfill MOdc

Minimum C 

to fulfill ∆vdc

Figure 11. Design of the capacitor C.

With the previous capacitance value, and the parameters of Table 2, expressions (45)
and (46) are used to calculate the normalized parameters of the adaptive voltage controller
xp = 0.0645 and xi = 2.5165.

2.6.3. Summary of the Design Process

The design process is summarized in the flowchart depicted in Figure 12, where the
processes to design the power and control stages are clearly described. The flowchart
also shows that both processes can be performed in parallel due to the separability of the
equations involved in those calculations.

The previous flowchart put into evidence the simplicity of the design process needed
to parameterize the proposed rectifier with power factor correction; hence, providing a
simple-to-use solution for real-world applications.
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Figure 12. Flowchart of the design process.

At this point, it is important to remark on the main contributions of the proposed
control system and the co-design procedure described in this section. The first one is that
the control-oriented mathematical model considers a generic model for the load, which
allows the representation of nonlinear loads in the rectifier. The second contribution is the
design procedure of the SMC hysteresis band (∆Ψ) and the converter inductance (L) to
guarantee the global stability of the SMC. The third contribution is the design procedure of
the converter capacitance (C) that meets the desired maximum overshoot and maximum
ripple of vdc. The last contribution is the adaptive PI to regulate vdc, where the time-varying
gains kp and ki ensure the desired damping ratio and settling time.

3. Results

The proposed solution was implemented in the power electronics simulator PSIM,
which is an industry standard. Figure 13 depicts the electrical implementation of both the
power and control stages, where the control stage is divided into the current SMC and the
adaptive voltage controller. Such an scheme is based on power elements (inductor, capacitor,
MOSFET, diode, bridge rectifier, transformer), current and voltage sensors, gains, analog



Computation 2022, 10, 61 20 of 28

comparators, a flip-flop, adders, and analog multipliers and dividers, which are available
as integrated circuits. In this way, the SMC can be implemented using a TS555-integrated
circuit, where the hysteresis band is defined with a constant gain, as reported in [37]. The
adders, subtractors, constant gains, and integrator can be implemented using operational
amplifiers, and the constant values can be defined with zener diodes and variable resistors.
The multiplications and divisions are commonly implemented using analog circuits such as
the HA-2557 [38], RC4200 [39], and AD533 [40]; while the current sensor is usually a small
shunt resistor. It is also important to avoid the chattering phenomenon [41], which is caused
by a high-frequency switching of the sliding mode controller exiting nonmodeled dynamics
of the system. In [41], it was demonstrated that the first step for avoiding this phenomenon
is to limit the switching frequency, which was already discussed in Section 2.2.4. Therefore,
the final step is to select analog circuitry fast enough to avoid sensible chattering effects
on the SMC. For the example designed in the previous section, the switching frequency
is limited up to 300 kHz; thus, the analog circuitry for the implementation must have a
bandwidth larger than 1.0 MHz, which are not difficult to find.

+

vin

-

+

vdc

-

iL

∆ψ

∆ψ

ψ

SMC

1-d calculation

Adaptive 
voltage 

controller

ir

Figure 13. Application example implemented in the power electronics simulator PSIM.

The simulation of the previous PSIM circuit are presented in Figure 14, where the
current requested to the bridge rectifier (iL) is equal to the reference (ir), which confirms
the accuracy of the current SMC. Moreover, the simulation validates the accuracy of the
reference generation, since the voltage (vin) and current (iL) at the bridge rectifier output
are in phase. This is further confirmed by the current (ig) and voltage (vg) waveforms of
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the grid, which are in phase. In fact, the simulation data reports a grid-side power factor
PF = 0.9997 and a THD = 1.84× 10−2%, which is close to an ideal condition (PF = 1,
THD = 0%). Finally, Figure 14 also reports the switching frequency of the MOSFET and
diode, which is limited to 300 kHz as expected.
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Figure 14. Validation of the SMC, inductor current and hysteresis band.

Section 2.3 discussed the possible instability of the rectifier when vin is near to zero,
which is confirmed in the zoom presented in Figure 15. Such a figure confirms that the
designed value for L ensures that the switching function Ψ is always inside the hysteresis
band, thus the inductor current closely follows the reference. The figure also shows the
same waveform around vin = vpk, where the switching function is always triangular and
inside the hysteresis band. Therefore, this simulation confirms the correct operation of the
SMC, and the correct design of L and ∆Ψ.
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Figure 15. Zoom at vin around 0 V (left) and vin around vpk (right).

The previous fact is emphasized by changing the inductor value as given in Figure 16:
the first simulation at the left is performed with an inductor with half the designed size,
which ensures global stability; however, the switching frequency is much higher than
the design limit, so it is not suitable for the application example. The simulation at the
middle is performed with an inductor of twice the designed size, which ensures a switching
frequency lower than the design limit, but near vin = 0 the switching function operates
outside the hysteresis band, which causes a current distortion, thus degrading the power
factor and THD. The simulation at the left was performed with a much higher inductor
(five times the designed size) to illustrate the problem of over-dimensioning the inductor:
the switching function operates much further from the hysteresis band, which causes a
larger distortion into the inductor current, which is translated into a distorted grid current;
in fact, the simulation shows that in this last case, 11% of the negative semi-cycle of the grid
current is distorted, which significantly impact the power factor and THD. Therefore, it is
confirmed that not following the proposed design process could produce excessively high
switching frequencies or unstable behaviors.
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Figure 16. Effects of violating the L and ∆Ψ design.

The previous simulations have confirmed the correct operation of the proposed solu-
tion at the AC side. Similarly, the simulation reported in Figure 17 shows the waveforms
at the DC side. This simulation considers a step change on the load current from 1 A to
2 A, which corresponds to Io = 1 A and Io,max = 2 A. The upper waveforms show the load
voltage vdc and the corresponding average value 〈vdc〉, which confirm the expected settling
time ts = 100 ms and maximum deviation MOdc = −9.96 V, those in agreement with the
maximum limits defined in Table 2. The figure also shows the average value of the peak
current 〈ipk〉, which corresponds to the output of the adaptive voltage controller; moreover,
the adaptive parameters of the voltage controller (kp and ki) are also depicted in this figure.
In conclusion, this simulation confirms the designed dynamic behavior is achieved.
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Figure 17. Validation of the capacitor and adaptive controller.

In addition, Figure 18 provides a zoom of the low-frequency ripple at both steady-state
conditions (Io = 1 A and Io = 2 A). Since the design of ∆vdc is performed for Io,max = 2 A,
the voltage ripple at that condition perfectly march the expected value ∆vdc = 3.2 V, while
for Io = 1 A the voltage ripple is much smaller. Therefore, the simulations reported in
Figures 17 and 18 confirm the correct operation of the adaptive voltage controller, and the
correct design of C.
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An additional simulation was performed to evaluate the robustness of the proposed
controller to changes on the grid voltage. Moreover, such a simulation also compares the
performance of the proposed solution with the control system reported in [21] (named
feedforward), which provides a fair comparison since both controllers have adaptive gains
calculated to compensate for changes on the operating conditions, and both controllers
require the same measurements (inductor current iL, input voltage vin and dc voltage
vdc). Figure 19 shows the simulation results, where the same Boost-based rectifier is
controlled by both solutions. The simulation considers two perturbations: a 50% reduction
in the load current io and a 50% reduction in the magnitude of the grid voltage vg. As
expected, the proposed solution is robust to perturbations on both the load current and
grid voltage, providing the same performance on the DC voltage vdc for all operating
conditions, i.e., without additional overshoots/undershoots. Instead, the feedforward
solution introduces an additional undershoot on the DC voltage vdc, f f when the load
current is decreased; similarly, it introduces an additional overshoot on vdc, f f when the
magnitude of the grid voltage is decreased. Moreover, the voltage deviations on the load
provided by the proposed solution are smaller, and the settling-time of the DC voltage is
shorter. The fast response of the SMC improves the performance of the proposed solution,
where the adaptive voltage loop ensures the same performance for any operating condition.
Instead, the calculation of the adaptive gains of the feedforward solution require the data
generated by a peak detector, which introduces a delay equal to half of the grid period,
thus delaying the compensation of the DC voltage in comparison with the proposed SMC.
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Figure 19. Performance comparison of the proposed solution with a feedforward/feedback controller.

The robustness of the proposed controller to variations on the inductor and capacitor
values is evaluated in the simulation presented in Figure 20, which considers a load current
perturbation of 50 %. In addition, the simulation considers variations on the inductor
and capacitor from 95 % to 105 % of the nominal values. The simulation results show
that the control system provides the same dynamic response on the DC voltage even
with variations on those parameters. Therefore, those results verify the robustness of the
proposed controller to variations on the electrical components, which could be caused by
aging or manufacturer tolerances.
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Figure 20. Evaluation of the controller robustness to variations on the inductor and capacitor.

Finally, the results presented in this section confirm the main contributions of the
proposed approach for an application example, illustrating that it can be applied to other
Boost-based PFC rectifiers with different power levels, design criteria, load characteristics,
and grid voltage parameters. These results show that the proposed design procedure of
the ∆Ψ and L guarantees the SMC stability under different disturbances and operating
conditions. Moreover, the results also show that the procedure to design C provides the
desired maximum overshoot and maximum ripple of vdc. Further, the proposed procedure
to dynamically adapt kp and ki of the vdc PI regulator, ensures the desired damping ratio
and settling time for any operating condition and disturbances on idc and vpk.

4. Discussion

A co-design procedure of the control system and power stage of Boost-based PFC
rectifiers has been introduced. This procedure assures the system stability in any operating
condition, even when the input voltage is close to 0 V. In addition, the design procedure
guarantees a maximum converter switching frequency as well as the meet of the desired
dynamics of the DC voltage: maximum ripple, desired damping ratio, and settling time
and maximum overshoot before load disturbances. In the proposed cascade controller, the
outer loop is an adaptive PI regulator of the DC voltage and the inner loop is an SMC to
set the inductor current. The paper includes the stability analysis of the SMC as well as a
detailed procedure to design the converter inductor, capacitor, and the parameters of the PI
regulator to meet the desired performance.

Simulation results of an application example in the specialized software PSIM validate
the proposed procedure and show that the system is stable, i.e., Ψ is inside the hysteresis
band, in any operating condition. Moreover, the results also show that the DC voltage meets
the design requirements, since, on the one hand, it is regulated to the desired reference
(220 V) with the desired maximum ripple (∆vdc = 4 V), which is obtained for the maximum
current load (Io,max = 2 A). On the other hand, the results also show that the controller
provides zero steady-state errors before a step in the load with a settling time and maximum
overshoot within the desired limits (100 ms and −10 V).

The future work is oriented to the experimental validation of the proposed rectifier
and its integration into applications such as electric vehicle chargers or microgrids. In
the first case, it requires the design and implementation of a higher-order controller to
fulfill the necessities of the batteries’ charging strategy. In the second case, it would
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require the integration of the proposed rectifier with the microgrid controller through a
communication link.
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