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Abstract—This paper is devoted to the design of a sliding-mode
control scheme for a buck-based inverter, with programmable am-
plitude, frequency, and dc offset, with no external sinusoidal refer-
ence required. A general procedure for obtaining an autonomous
(time independent) switching surface from a time-dependent one is
presented. For this surface, the system exhibits a zeroth-order dy-
namics in sliding motion. On the other hand, from the sliding-do-
main analysis, a set of design restrictions is established in terms
of the inverter output filter Bode diagram and the output signal
parameters (amplitude, frequency and dc offset), facilitating the
subsequent design procedure. The control scheme is robust with
respect to both power-stage parameter variations and external dis-
turbances and can be implemented by means of conventional elec-
tronic circuitry. Simulations and experimental results for both re-
active and nonlinear loads are presented.

Index Terms—Sinusoidal generation, sliding-mode control,
switching converters.

I. INTRODUCTION

POWER conditioning systems are often designed to supply
an ac load from a dc source. The uninterruptible power

supplies (UPSs), photovoltaic systems (PVs) connected to the
utility grid, or ac power sources constitute the most classical
applications. The design of such systems has to achieve a be-
havior as close as possible to ideal voltage or current sources,
in the sense of fast transient response to load variations and
steady-state accuracy. The UPS and grid-connected PV systems
have to be controlled in such a way that the output voltage or the
output current should be in phase with an external sinusoidal
reference proportional to the utility grid. For this reason, this
external sinusoidal reference is included in the control loop. In
these cases, the control loop design is based on the minimiza-
tion of the error defined as the difference between the output
signal and the reference one. This control policy is known as a
“tracking” control scheme, in the sense that the output signal is
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constrained to track the reference by means of the control ac-
tion.

Several tracking control schemes have been suggested for
dc-to-ac conversion, depending on which processing is applied
to the signal error. For instance, many tracking control tech-
niques based on high-frequency pulsewidth modulation (PWM)
have been proposed for buck-based inverters [1]–[5]. In all of
these cases, the control design is based on a power-stage model,
leading to output waveforms sensitive to power-stage parameter
variations, such as the output load.

On the other hand, sliding-mode control techniques have been
proposed as an alternative to PWM control strategies in dc–dc
switching regulators since they make these systems highly ro-
bust to perturbations, namely, variations of the input voltage
and/or in the load [6]–[11]. For this reason, tracking control
schemes based on these techniques have also been applied to
the design of high-efficiency buck-based inverters. In this case,
the converter output is forced to track an external sinusoidal ref-
erence by means of an appropriate sliding-mode control action
[12]–[19]. It will be shown in the next section that the existing
sliding-mode tracking control schemes present some drawbacks
in the design phase, such as analytical difficulties in establishing
the tradeoff between the transient state period and the sliding do-
main where the sliding motion is ensured [14]. As a result, no
design procedure leading to the appropriate control action can
be easily derived.

These tracking control schemes have also been employed in
applications where an external sinusoidal reference is not inher-
ently required, as in the case of ac power sources. The ac power
sources, generally used in testing electronic equipments which
operate with ac power input signals (for instance, supplied by
single-phase mains), are designed in order to achieve both pro-
grammable amplitude and frequency of the output signal. Con-
sequently, the design of such systems based on a tracking con-
trol scheme will also require the design of a low-power pro-
grammable sinusoidal generator acting as a reference signal.

As an alternative, and starting from a sliding control tracking
scheme, this work presents a methodology leading to a sliding
control law for ac signal generation in the buck converter,
where no external signal reference is needed. Accordingly,
the requirement of a low-power reference signal in the control
loop is removed. Due to the absence of a reference signal this
autonomous control policy will be referred to as a “generation”
control scheme.

Besides exhibiting the robustness properties with respect to
parameter variations of the sliding control technique, the pro-
posed “generation” control law leads to a zeroth-order dynamics
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in sliding motion in contrast to sliding control techniques based
on tracking schemes. Furthermore, a design procedure ensuring
the sliding regime can be easily obtained. All these features will
be evidenced in the following sections.

The paper is organized as follows. Section II focuses on the
characteristics of existing sliding control laws leading to the
tracking of an arbitrary signal at the buck converter output. Sub-
sequently, Section III introduces a methodology to obtain a gen-
erating control scheme from a tracking one. Section IV applies
this methodology for the case of sinusoidal generation in a buck
converter with resistive load. As a result, a switching surface, a
sliding control law, and a set of design restrictions in terms of the
converter components and the parameters of the desired sinu-
soidal output signal are obtained. These results are then gener-
alized to the cases of reactive and nonlinear loads. Additionally,
the influence of the converter resistive losses is also analyzed.
In Section V, numerical simulations showing the robustness of
the proposed control system and experimental results of a labo-
ratory prototype are presented to illustrate the application of the
method. Finally, Section VI summarizes the conclusions of the
work.

II. PREVIOUS CONSIDERATIONS ONSLIDING-MODE

SIGNAL TRACKING

Switching power converters constitute a natural field of ap-
plication for the sliding-mode control technique according to
the abrupt topological changes that the circuit commanded by a
discontinuous control action undergoes. The main steps of this
control policy can be summarized, by using the equivalent con-
trol concept, as follows [6], [8].

• The first step is the choice of a switching surface
(where is the system state vector) that

provides the desired asymptotic behaviorin steady state.
• Obtaining the equivalent control by applying the in-

variance condition

constitutes the second step. The existence of the equiv-
alent control assures the feasibility of a sliding mo-
tion over the switching surface . On the other
hand, beside describing the averaged dynamical behavior
of the power stage over the switching surface, the equiv-
alent control enables obtaining the sliding domain, given
by

where and are the control values for and
respectively. The sliding domain is the state plane

region where the sliding motion is ensured.
• Finally, the control law is obtained by guaranteeing the

Lyapunov stability criteria, i.e., .
The first problem considered in this work focuses on how

the output voltage of the full-bridge buck inverter, depicted
in Fig. 1, can be forced to track an arbitrary function , by
applying the sliding-mode control technique.

Fig. 1. Full-bridge buck inverter.

Considering a resistive load, the power stage can be repre-
sented by the following set of differential state equations, where

and designate the inductor current and the capacitor voltage,
respectively:

(1)

where stands for the control input, taking values in the discrete
set depending on which switches are active, namely,

corresponds to input filter voltage equal to

corresponds to input filter voltage equal to

As it has been shown by Carpitaet al. in [13], [14], the fol-
lowing switching surface leads to a robust output voltage be-
havior with respect to load variations and source perturbations,
due to its independence on converter parameters:

(2)

where stands for the voltage error defined as
, being the output voltage and the voltage refer-

ence signal.
The sliding motion over the switching surface provides a first-

order dynamic transient response leading to the desired steady-
state behavior, that is, :

(3)

this meaning a direct tracking of the reference signal of the
output voltage .

The corresponding equivalent control resulting from the ap-
plication of the invariance condition to is given by

or, by replacing (3) in the previous expression,

(4)
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whereas the sliding domain can be obtained by imposing

or equivalently

this leading to restrictions among the values of the converter pa-
rameters , , , , the desired output signal , and the de-
sired transient dynamics represented by the time constant.
These restrictions have to be taken into account in the design
procedure.

As can be seen from (3), the constant, for a fast transient
response, has to be selected as large as possible. However, as is
stated in [14], the greater the value ofis, the faster the transient
response, but the greater the equivalent control value is. As a
consequence, the sliding motion overcan be lost due to the
bounds on control.

On the other hand, the maximum and the minimum values of
the equivalent control required to test when the system dynamics
escapes from the switching surface can not be easily deduced
from (4), due to both the analytical complexity and the depen-
dence on the value of the initial error (i.e., dependence on
the initial conditions). As a result, no design procedure ensuring
the sliding motion can be easily established.

When the application does not require an external reference,
the work reported here proposes an autonomous (time indepen-
dent) switching surface leading to the same steady-state be-
havior, which can be derived from the surface defined in (2)
by using the inverse function theorem. As will be shown in the
following sections, by applying this method a zeroth-order dy-
namics is expected in sliding motion. Furthermore, a useful de-
sign procedure can be easily derived.

III. FROM TRACKING TO GENERATION

An autonomous control scheme (time independent) can
be obtained from a time-dependent one by expressing the
switching surface (2) only in terms of the power-stage state
variables, therefore removing the need of an external time-vari-
able reference [20]. This can be done by noticing that the time
variable, in (2), can be locally written in terms of the state
variable by using the inverse function of (supposed
continuous and derivable), as follows:

If such that

then in a neighborhood of (5)

By replacing in (2), the following autonomous
(time independent) switching surfaceis obtained:

(6)

or, equivalently,

(7)
This last expression highlights that the output voltage desired

behavior can be reached by defining an autonomous switching

surface, which is independent of the load value, and sensing both
the output voltage and the capacitor current of the power stage.

Notice that the inverse function theorem has been applied in
the case that the ideal sliding dynamics, given by (3), correspond
to the steady state, i.e., , yielding a steady-state differ-
ential relation between and . In the autonomous formulation
(from the generation point of view) the previous steady-state dif-
ferential relation holds when the system trajectory reaches and
remains on the sliding surface, by means of a proper control ac-
tion. In this sense, a zeroth-order dynamics in sliding motion is
expected, this constituting one of the main differences with re-
spect to the original sliding-mode control proposed in [13] and
[14].

The usefulness of this procedure stems from the fact that,
given a desired output voltage , a time-invariant,
load-independent, and source-independent switching surface
with zeroth-order sliding motion dynamics (this meaning
no transient response in sliding motion) can be designed by
applying (7), provided that on one hand, satisfies the
requirements of the inverse function theorem and, on the other
hand, the inverse function can be described by means of
an analytical expression. In practical cases the requirement
given by (5) is not verified for all , as in the case of periodical
signals. However, the method can be applied disregarding this
requirement and modifying the resulting control law (and then
the sliding surface) for the points such that . The
case of sinusoidal signal, exposed in the following sections,
will illustrate this procedure.

IV. SINUSOIDAL VOLTAGE GENERATION

A. Switching Surface and Sliding Domain

The general procedure presented in the previous section can
be applied to obtain an autonomous switching surface for gen-
erating the sinusoidal output voltage

(8)

In this case, , so (7)
becomes

which can be simplified, by using trigonometric properties, as

(9)

where the and signs apply when and , respec-
tively. Equation (9) can also be expressed as

(10)

Equation (10) corresponds to the canonical expression of an
ellipse in the plane centered on and with vertical
and horizontal semiaxis and , respectively (see Fig. 2).
Therefore, by choosing the autonomous switching surface
(10), the desired ac output will be obtained over the surface

.
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Fig. 2. Sliding surface and sliding domain in the phase plane for the case of a
generated frequency! = 1=

p
LC.

By applying the invariance condition to (10),

or

(11)
From (11) and (1), the equivalent control can be obtained

in terms of and as follows:

(12)

Finally, the sliding domain is given by (10) and

(13)

Note that a proper control leading to a sliding motion over
any other switching surface (obtained by modifying the param-
eters , , and ) can be designed provided that this surface is
located in the region of the plane ( bounded by two straight
lines , given by

Fig. 2 shows these boundaries in the case where the frequency
of the generated signal is equal to the characteristic frequency

of the converter output filter.

B. Design Restrictions

The previous section has established the sliding domain,
which imposes a set of design restrictions in terms of both
the converter and the output signal parameters. In contrast to
the case of the tracking scheme exposed in Section II, these
restrictions can be easily derived, leading to a useful design
procedure. Replacing the expression of the desired output
voltage (8) in the previous inequality (13) leads to

(14)

Fig. 3. Plot of(A=E) versus output signal frequency.

or, equivalently

(15)

In the case of a dc–ac conversion ( ), the previous re-
striction can be reduced to

where

Fig. 3 shows the plot of the boundary or, equiva-
lently, versus the output signal frequency, taking the load
value as a parameter.

As a result, the sliding domain can be expressed as a function
of the frequency response of the converter output filter and as a
function of the output signal parameters (amplitude, offset and
frequency). This suggests the following design procedure.

When an output signal without offset is desired, that is,
, given a value of , the sliding regime is ensured for the values

of the output amplitude–input voltage ratio ( ) lying below
the plot of the output filter frequency response. On the other
hand, given an output amplitude for which the sliding motion
exists, the sliding motion is also ensured when the output load
is increased. For this reason, the design has to take into account
the minimum load value for which a sinusoidal output signal
is desired. Moreover, an amplitude of the output signal greater
than the dc input voltage can be obtained for a small frequency
range in the vicinity of the output filter resonant frequency. Fur-
thermore, a large frequency range of output signal can be ob-
tained with output amplitude lower than the input voltage cor-
responding to the flat zone of the curve.
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1) General Load Case:This previous study is not restricted
to resistive loads and can be generalized to reactive or nonlinear
loads. Starting from the scheme of Fig. 1, where a generic load
is characterized by means of the output current, it can be
written that

(16)

(17)

By applying the same relationships as in the case of resistive
loads, the expression for the equivalent control will be given by

(18)

whereas the sliding domain corresponds to the following expres-
sion:

(19)

It can be pointed out that the system trajectory escapes from
the sliding surface when the load has current discontinuities.
In this case, the control policy has to be designed in order to
recover the desired sliding motion.

2) Reactive Load Case:When the load has a reactive com-
ponent, (18) becomes

(20)

where is the load impedance, defined by

where and stand for the Laplace transforms of
and , respectively.

In order to obtain the sliding domain and taking into account
that , the equivalent control is given by

where and are the gain and the phase, respec-
tively, of the output filter transfer function loaded with the reac-
tive load:

The sliding domain will be obtained as in previous cases, by
imposing , this leading to

(21)

This expression suggests that the same design procedure
exposed above can also be applied to reactive loads by using
the Bode diagram of the output filter loaded with the reactive
impedance.

Fig. 4. Values of the control variableu in the (v; _v) plane. Thick lines,
undesired sliding surface.

C. Switching Control Law

Accounting for sliding-mode control principles, the power
converter can reach the switching surfaceif the control action
guarantees Lyapunov stability criteria. Therefore, from (10),

(22)

and according to the state-space equations given in (1), the pre-
vious expression can be rewritten as

(23)

Taking into account the expression of given by (12) and
applying the invariance condition, (23) can be simplified to

(24)

so that, recalling that , the previous expression
leads to the following control law:

if then therefore (25)

if then therefore (26)

Fig. 4 shows the value of the control variable in the
plane. Two switching surfaces are involved in this control policy,
namely, the following:

1) , which is the designed sliding surface leading to
the desired output behavior;

2) , which will be referred as and corre-
sponds to the curve of the equilibrium points of the buck
power stage.

Unfortunately, the control law defined in (25) and (26) leads
also to a sliding motion over this later switching surface

in the regions located outside the ellipse. As a con-
sequence, if this switching surface is reached, the system will
remain on the classic regulation operation mode ( ) and
will deliver a constant output voltage. Furthermore, even in the
case that the system would reach first the desired sliding sur-
face , it would finally operate in regulation mode since
the sliding surface intersects on the axis at
the points and as is depicted in Fig. 4. This
undesired behavior can be avoided by modifying the control ac-
tion in a region of a small width near the equilibrium curve
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Fig. 5. Control value and additional sliding surfaces� and� . Thick lines:
sliding motion loss regions over the desired sliding surface� = 0. Between
brackets, previous control variable values according to (25) and (26).

when . One possible choice, regarding the re-
quired simplicity and robustness of a future implementation, is
to introduce two additional switching surfaces, denoted as
and such that

for and (27)

for and (28)

Fig. 5 shows both the control value and the additional
switching surfaces and in the plane and will be
referred to as the “modified control law.”

It can be easily shown that the control law depicted in
Fig. 5 also leads to a sliding motion over these two additional
switching surfaces, where the ideal sliding dynamics are given
by

For

thus increases with time (29)

For

thus decreases with time (30)

therefore, in each case the system will evolve, as shown by the
arrows in Fig. 5, toward the desired sliding surface ; the
equivalent control, for resistive loads, corresponds to the fol-
lowing expression:

(31)

It can be pointed out that the modified control variable value
is different from the first one defined in (25) and (26) in the
regions outside the ellipse comprised between and

, as depicted in Fig. 5. Consequently, there results a certain
amount of distortion in the sinusoidal output voltage, due to a
loss of sliding motion over the desired surface .

The distortion due to the modification of the switching con-
trol law can be controlled by a proper design of theparameter.
The final value of is easily adjusted experimentally in order
to satisfy a previously fixed distortion index. Anyway, this final
value presents a tradeoff: the greater the value of, the greater
the sliding motion loss region, but according to (29) and (30),
the faster the system recovering to the desired sliding surface.

The proposed procedure can also be applied for a switching
scheme . However, in this case, the analysis

leads to a control valuethat depends on the equivalent control.
Therefore, the control law depends on the load value.

D. Influence of the Converter Losses in the Design

This section analyzes, as in [14] and [19], whether the pre-
vious switching surface and control law can be applied to output
voltage sinusoidal generation when the converter resistive losses
are taken into account. The application of the previous method
in the buck inverter with series resistive losses of the inductance
( ) and the capacitor ( ) leads to the following autonomous
switching surface:

where is the capacitor voltage when the desired output
voltage is . On the other hand, the sliding
control law is given by (25) and (26) as well.

As can be seen, in the case of converter losses, the desired
sinusoidal output voltage with amplitude can be obtained
by using the original switching surface defined in (10) and
rewritten here for convenience

if can be modified to . As will be shown in
the following section, this modification can be easily performed
by means of an external amplitude tuning, which is a common
procedure in any practical implementation due to the influence
of nonidealities.

Finally, it can be pointed out that the sliding domain is also de-
pendent on the converter losses. It can be proved that the afore-
mentioned design procedure for a converter with no losses can
be applied in this case by considering the Bode plot of the output
filter including the inductance and capacitor resistance losses.

V. SIMULATION AND EXPERIMENTAL RESULTS

Due to the nonlinearity of the sliding surface and the
phase-plane partition leading to the modified control law
described in Section IV, the control loop has been imple-
mented through a lookup table recorded on an electrically
programmable read-only memory (EPROM) device. As an
alternative, the design of a microelectronic BiCMOS analog
circuit intended to implement the sliding-mode controller
is currently in progress. The proposal of that analog ap-
plication-specific integrated circuit (ASIC) design, which
operates in current-mode signal processing, represents good
performance as far as operation speed, power consumption,
suitability for low-voltage operation, and interference ro-
bustness are concerned. HSPICE transistor-level simulations
for a BiCMOS 1.2- m technology validate the functionality
of the proposed sliding-mode controller implementation for
switching frequencies up to 1 MHz. Complete design details
at the microelectronic analog design level have been recently
proposed and described in [21].

The EPROM-based control loop scheme is depicted in Fig. 6.
The main objective of the EPROM device is to deliver the con-
trol value ( ) from the values of and . Therefore, the EPROM
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Fig. 6. Control loop scheme.

Fig. 7. XY phase plane digitized in the EPROM.

device is only recorded with thevalues map ( or )
shown in Fig. 5.

In order to record the EPROM only once, whatever the de-
sired sinusoidal output is (in terms of the parameters, and

), the variables and of the buck converter are scaled ac-
cording to

(32)

Hence, the switching surface with the new variables defined
by these previous equations becomes

(33)

which corresponds to a unit circle in the normalized plane.
This change of variables can be performed by means of an ex-
ternally programmable signal conditioner implemented through
standard analog circuitry. It should be noted that, with this pro-
cedure, the sinusoidal output signal parameters can be selected
by modifying dc voltage values of , , and , removing the
requirement of an external programmable reference oscillator.

The control law values, taking into account the expected dy-
namic range of the variablesand , are shown in the phase
plane in Fig. 7. From the digitized pairs , the EPROM
output gives the value of the control variableaccording to
Fig. 7.

The previous control law has been simulated for a buck con-
verter with the following parameters: mH, F,
and V. The digital control loop has been modeled in

Fig. 8. Output voltage simulation for different values ofR,A,B, and!.

Fig. 9. NormalizedXY phase-plane simulation.

the simulation by including a sample-and-hold operating at 300
kHz and assigning 8 bits to the normalized output voltage and
12 bits to the normalized output voltage derivative. Figs. 8 and 9
show the closed-loop system response and the normalized phase
plane simulations for different values of the output signal
parameters , and , when the load has a reactive component
of mH. The amplitude has been changed from 8 to 15 V
and the frequency from 200 to 400 Hz at s, whereas
the offset has been changed from4 to 4 V and the converter has
been loaded with a pulsating load varying between 10–100at
a rate of 450 rad/s. As can be seen, the output voltage reaches the
desired steady-state behavior (according to the sinusoid param-
eter changes) with fast transient response and no load influence.

In order to experimentally verify the proposed sliding-mode
control, an electronic prototype has been implemented. The
input voltage and the resistive load are fixed to V
and , respectively, and the desired output signal is
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Fig. 10. Experimental output voltage.

Fig. 11. ExperimentalXY phase plane.

Fig. 12. Measured output voltage and output current when the buck converter
is loaded with a full-wave rectifier.

, this meaning that the output ampli-
tude–input voltage ratio is . The buck converter
parameter values mH and F have been chosen
in order to remain in the sliding domain defined by (15), since

. The sampling frequency is fixed at 300 kHz,
that is, 10 the expected maximum switching frequency.
Fig. 10 shows the experimental output voltage in this case.
The phase plane is shown in Fig. 11 for a desired output
amplitude of 9 V. Finally, in order to check the robustness of
the design, a full-wave rectifier has been inserted between the
converter and the resistive load. In this case, the desired output
signal is given by , and the converter
parameters are the same as in the previous case. The measured
output voltage and output current are shown in Fig. 12. The
behavior for a high power level will constitute the objective of
further research.

VI. CONCLUSIONS

In this paper, a sliding-mode control scheme with no ex-
ternal reference for a buck-based sinusoidal inverter, with
programmable amplitude and frequency, has been proposed.
Starting from robust (to both load and source perturbations)
sliding control laws for tracking of a desired reference at the
buck converter output, a general procedure based on the appli-
cation of the inverse function theorem has been established.
The new procedure removes the requirement of a reference
signal, leading to a signal generation control scheme. As a
result, an autonomous (time independent) switching surface
and its corresponding robust sliding control law are obtained.
This general procedure has been applied to the particular case
of sinusoidal generation. In the generation control scheme,
zeroth-order dynamics in sliding motion are obtained, consti-
tuting the main difference with tracking control techniques.
On the other hand, a set of design restrictions arising from the
sliding-domain analysis has been established. This analysis
has been completed taking into account the converter losses
and considering both resistive and reactive loads. In all cases,
these design restrictions can be expressed as a function of
the output signal parameters (amplitude and frequency) and
the buck-based inverter components in terms of the output
filter Bode diagram, this facilitating the subsequent design
procedure.

Finally, due to the nonlinearity of the resulting sliding sur-
face, the control loop has been implemented through a lookup
table recorded on an EPROM device. Nevertheless, the design
of a microelectronic BiCMOS analog circuit intended to imple-
ment the sliding-mode controller is currently in progress. The
theoretical predictions have been validated by means of simu-
lations and experimental results for both linear and nonlinear
loads.
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