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A Two-Level Hysteresis-Based Sliding Mode Control
for Three-Level Single-Phase Inverters

Victor Repecho

Abstract—In this article, we present a single-phase inverter
controlled by a three-level sliding mode control. A simple first
order sliding mode is designed to regulate the output voltage and
it is implemented through a symmetrical two-level hysteresis band
comparator. The hysteresis band of the comparator is dynamically
adjusted to bound the switching frequency of the inverter. As a
result, the desired voltage tracking is achieved and no average error
is induced at the output. The article includes numerical simulation
and experimental results carried out in a 1.2 kW prototype that
confirm the good performance of the designed control in terms of
tracking error and harmonic distortion of the output voltage. The
proposal has been tested with input voltage variations, transients
of resistive loads and with a nonlinear load showing the expected
robustness.

Index Terms—Sliding mode control (SMC), three-level inverter,
two-level hysteresis band comparators.

I. INTRODUCTION

THE benefits of the sliding mode control (SMC), such as
robustness, insensitivity to parametric variations and good tran-
sient response have been widely reported in the control literature
over the years [1]. One of the limitations for the application of
its original version, known as first order sliding mode control
(FOSMCQ), is the fact that the control laws are based on discon-
tinuous control signals. The discontinuity in the control signal
provides the aforementioned benefits, but also constitutes its
main drawback when it has to be implemented. Furthermore, in
the case when the discontinuous controls can be implemented,
the resulting signal commutates at variable switching frequency,
depending on the system state, which is often considered a disad-
vantage. These characteristics restrict its application in systems
with continuous control signals. However, this feature does not
represent a limitation on power electronics [2], where the control
signals are inherently discontinuous, since they are driving solid
state switches. Among others, several approaches addressing the
issue of variable switching frequency can be mentioned here,
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such as the application of efficient algorithms to set the switching
frequency but with complex calculations and fast processing
requirements [3], [4], [5], [6], the use of continuous control
signals extracted from the switching surface acting as duty cycle
of a pulsewidth modulator (PWM) [7], [8], [9], [10], [11], [12],
to regulate the switching frequency by means of an external
controller [13], [14], [15], or to dynamically adjust the hysteresis
band to set the average switching frequency by minimizing the
variation around the desired value [16].

Among the different power stages, the full-bridge converter,
and specifically the voltage source inverter (VSI), can be pointed
out as one of the most widely used. This topology is used in many
applications, such as machine drives, grid-connected inverters,
and uninterruptible power supply systems. The main control
specifications for this converter can be focused on power quality
[total harmonic distortion (THD) and power factor control]
and voltage regulation, and when linear controllers are used,
such as resonant proportional (PR) controllers, for example,
see [20], [21], and [22], they are well met. SMC applied to
this problem has also been researched, mainly to enhance the
robustness and transient response of the inverter when the load
or input voltage changes. As an example, a comparative study
showing the improvements of a FOSMC over a PR control can
be found in [15].

Unlike elementary topologies, the full-bridge structure can
generate a third voltage level atits differential output, anull level,
which may or may not be used. This issue is known as two-level
(bipolar) and three-level (unipolar) modulation strategies [23].
The main benefit of three-level modulation, compared to the
two-level mode, is the lower ripple of the state variables for the
same switching frequency, which reduces the power losses. In
PWM switched-mode power converters, both strategies can be
easily implemented, see Fig. 1(a) and (b). Two-level modulation
is obtained with a single comparator and a carrier signal fixing
the switching frequency and three-level mode is generated by
adding another comparator and inverting the control signal.

Concerning the SMC, the FOSMC is based on defining a
switching surface, o := 0, where the switching function o is
enforced to slide. A discontinuous control, u, based on the
sign of o, is designed to impose o = 0. Once the switching
function slides over o = 0, the desired dynamics are obtained.
For the output voltage regulation of a VSI, o is an scalar and
the control only takes two values, one when o > 0 and another
when o < 0. Therefore, the application of a FOSMC in a VSI
directly leads to a two-level implementation. Fig. 1(c) shows a
two-level implementation using a hysteresis comparator instead
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(a) Two-level PWM implementation. (b) Three-level PWM implementation. (¢c) Two-level FOSMC implementation. (d) Three-level FOSM implementation

proposed in [17], [18], and [19]. s;, with ¢ € {1, 2, 3,4}, represents the state of the power switch of the inverter full-bridge, see Fig. 2. s; = 0 means switch open

and s; = 1 stands for switch closed.

of the sign function, where the hysteresis band bounds the
switching frequency. As the comparator has only two output
states, it is straightforward to map the FOSMC values to the
inverter power switches by applying the table shown in the
same figure. This approach is proposed in some references, such
as [8], [12], [15], [24], [25], or [26], for instance. Nevertheless,
while the implementation of the two-level FOSMC is straight-
forward and simple, attempting a three-level implementation of
the control signal is not, and this involves a problem to overcome.
Thus, the problem is to find a procedure that assigns each of the
three levels of the control signal according to the state of the
FOSMC switching function, so that the resulting behavior be-
comes similar to the ideal sliding dynamics while guaranteeing
its performance and preserving an admissible tracking error. To
the best of the authors’ knowledge, there are very few refer-
ences, discussed below, that have studied this issue. Namely, the
approach in [8] where an implementation using a sign function
approximation based on a saturated linear action obtaining a
boundary layer sliding mode was presented. The proposal allows
the use of PWM to perform the three-level switching but the
properties of the sliding mode are no longer guaranteed. Indeed,
the proposal uses the three-level PWM implementation shown in
Fig. 1(b). The authrs in [17], [18], and [ 19] proposed a controller
based on a double band hysteresis comparator, see Fig. 1(d).
The results of the cited research studies show good overall
performance and, as expected, a reduction in current ripple is
achieved by the three-level implementation. However, as the
implementation used a double band hysteresis comparator, the
value of the switching function when averaging over half of
the reference period took a nonzero value, thus inducing an
error in the output voltage. This problem is tackled by using
proportional—integral, see for instance [19], or PR controllers,
as presented in [27], which add additional dynamics to that
provided by the SMC. Finally, it is worth mentioning here the
work [28] where this concept is extended to the hysteretic stair-
case comparator, which is applied to a full-bridge multilevel
converter.
The main contribution of this work is the development of
a methodology for implementing a FOSMC with three-level
operation having the following characteristics:
1) The proposed control law automatically adapts the proper
combination of power switches that guarantees the sliding
regime and reduce the ripple of the converter variables.

2) The switching function, under sliding motion and at steady
state, is always confined within a single two-level hystere-
sis comparator with symmetrical band centered at zero,
and, as a consequence, there is no averaged error induced
at the voltage output.

3) The hysteresis band is adapted to operate within a small
bandwidth around a certain switching frequency.

The rest of this article is organized as follows. Section II
states the structure of the single-phase inverter and its dynamical
model. In Section III, the design, stability, and robustness of
the SMC and the proposed control law for three-level opera-
tion are detailed. The implementation of the three-level control
and the switching function expected behavior in a realistic
case are presented in Section IV. The design of the variable
hysteresis band to bound the switching frequency and numer-
ical simulation results confirming the expected performance
are shown in Section IV-C. Subsequently, Section V contains
the implementation details where the experimental setup and
the controller discretization are detailed. Section VI shows the
corresponding results obtained on a 1.2 kW inverter. For com-
parison purposes, all the experimental results are carried out in
both two- and three-level operation and with fixed and variable
hysteresis band in Section VII. Finally, Section VIII concludes
this article.

II. VSI TOPOLOGY

The well-known topology of a full-bridge VSI is shown in
Fig. 2, where % represent the semi-bus voltage with respect the
reference point, L and C' are the reactive components, and i, is
the output current delivered to the load. It is assumed that ¢, is a
function of the output voltage, i.e., i, = f(vc), (f(ve) = % for
aresistive load). The dynamics of the converter can be modeled
by the equations

dip, 1

E = f (’Ua — Vp — ’UC) (la)
dve 1 . )

o —5(@—20). (1b)

From the discrete operation of the switches, one can see that
the voltages at the center point of each leg (v,, v,) can only take
two discrete values: % when s; or s3 are closed or —% when
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Fig. 2. Scheme of the VSI with the proposed controller.

the closed ones are s or s4. Generally speaking, if the control
algorithm allows that s; and s3 (or so and s4) are closed at the
same time the system works with three-level modulation and the
voltage v, — vy is unipolar taken values 0 and & or —F and 0.
Otherwise, the converter operates in two-level modulation, v, —
vy 18 bipolar and can only takes F or — E values. Therefore, when
all the switches combinations are allowed, the control signal is
defined as u € {—1,0, 1}, and with the previous definitions the
state space equation can be rewritten as

dig, 1

g~ v (22)
dve 1 . .

il (if, — o) . (2b)

III. SMC oF A VSI
A. Switching Function Definition

The control objective of the converter is to track a time-
varying reference voltage at the output of the LC filter. The
desired output voltage is

v = Asinwt. (3)

According to the relative degree from the control input to the
output voltage, the following switching function is proposed:

o=:€, taé, “4)
where e, = v, — V.

Applying time derivative to (4), and replacing (2a), the sliding
mode equation is found as

—v.) — U — ab Q)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

and the equivalent control [1] can be found assuming that 6 = 0

teg = 2 4 ZO @ oy 4 e i (©)
“F  aF |C dt ¢ ¢ ‘ol
Finally, merging (5) and (6) yields
. FEa

Sliding mode is enforced when ¢ < 0. Therefore, sliding
regime requires the fulfilment of

Fa

e (u — ueq) < 0. (8)

B. Proposed Control Law for Three-Level Operation

When working with two-level modulation, the control signal
only takes two possible values, i.e., u € {—1, 1}, and the control
assignment to fulfil (8) is just straightforward

Fa

e

Therefore, in the standard FOSMC [1] the possibility to apply

the 0" control state of u is directly omitted. This simplifies the

control implementation and the sign function is carried out by

means of a hysteresis comparator, but produces higher current

ripples and losses in the system when compared to three-level

modulation operating at same switching frequency. In order to
reduce the losses, a three-level control law is proposed as

(U — Ueq) < 0= u = —sign(o). )

1., .
u=3 [sign(ueq) — sign(o)]. (10)
Notice that the function sign(ueq) adapts the discontinuous
control to the applicable values of u € {—1,0,1}. Moreover,
recovering (7) and replacing the proposed control, one gets

(sign(teq) — sign(o) — 2ueq) (11)

. a
g = ——

2LC

which can be rewritten as

2?—% (2|tteq| — 1 — sign(o))

—i—%sign(a)

2?—% (1 — 2ueq — sign(o))

and fulfils 06 < 0 for —1 < weq < 1.

when ueq < 0

when teq = 0 (12)

when teq > 0

C. Ideal Sliding Mode Dynamics

Once the sliding mode is established with the proposed control
law (10), the stability of the overall system should be checked.
The dynamics of the output voltage is given by

o+ aéy, =0 (13)

which provides e, — 0 when « > 0, and, hence, is asymp-
totically stable and perfect tracking is achieved. The current
dynamics is set by (2b) and can be analyzed for different loads

as follows:
1) Resistive load: Equation (2b) yields iy = Cd;tc
7, providing a bounded current resulting in i =

A(Cw cos(wt) + % sin(wt)) at steady-state.
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‘I/o((j)) In this case

the inductor currentis givenby I, (s) = Z(s)V.(s), where
Z(s) = (Cs+ Z;'(s)), and stability can be determined
from Z(s).

3) Nonlinear load, i, = f(v.): In such case, i;, = C'd;if +
f(vc). Stability depends on the function f(v.), soif f(v.)
is bounded, the inductor current will also be delimited,
but if f(v.) is not bounded, the inductor current will be
unstable.

2) Linear load with impedance Z,(s) =

D. Robustness Analysis

Assuming that switching surface has been designed to guar-
antee asymptotic stability of the sliding motion, the robustness
of the control can be determined analysing the conditions that
ensure the sliding mode regime. These conditions are given by
the inequalities that define the sliding domain
v. LC [a di,

g = e o dto
teq + Cdt

=t = —oc+@;+ab;]<1 (14)

which, since i, = f(v.), can be rewritten as

ve LC [ (a df (v.)

S R
<E+ozE C dv,.

—1) i)c—i-ijz—i—oa'}Z} <1
15)

Notice that a high value of d’;(:“') , for instance a sudden load
change, can lead to a loss of the slciding regime. In this scenario,
the control law should guarantee the recovery of the sliding
motion.

Moreover, (15) should be fulfilled at steady-state, v, = v].
Therefore, assuming certain maximum value of the slope of
f(ve) at steady-state, i.e., dVemax = [d’;gj“)]max, the sliding do-
main becomes ’

1
-1< E(UZ"’—LdUcmax@Z“V‘LC’Uz) <1 (16)

which, replacing v} = Asinwt, can be written as
A
—-1< o ((1 — LC’wQ) sin wt + L w dvemax coswt) <1
(17)

From (17), itis straightforward to get the condition to be fulfilled
to guarantee the sliding dynamics

1
\/(1 — LCw?)? + (Lw dvemay)”

For the particular case when the VSI is loaded with a resistive
load, f(v.) = %, (18) can be expressed as

>

(18)

STES

‘ 1
Y- row? + ()’

IV. THREE-LEVEL SLIDING MODE CONTROLLER
IMPLEMENTATION

> (19)

STES

When a FOSMC is implemented, the sign function is usu-
ally replaced by a comparator with hysteresis. The hysteresis
band adjustment allows to limit the switching frequency. The
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dynamics that appears when hysteresis comparators are used
instead of sign functions can be called real sliding dynamics.
In the standard two-level FOSMC the replacement is easy and
immediate, but when it comes to the three-level sliding mode
controller the solution is not obvious. Note that the SMC law
given in (10) requires the knowledge of the sign of the equiva-
lent control, sign(ueq). The equivalent control would place the
switching function at o = 0, and assumes (theoretically) infinite
switching frequency. It depends on the variables and parameters
of the system and therefore requires full system knowledge,
which is impossible in practical applications. The most realistic
approach is to low-pass filter the discontinuous control action
enforced by the sliding mode, but the equivalent control would
always be obtained with a delay or phase shift. As a result, the
estimation of the sign of the equivalent control deserves special
attention in order to properly implement (10). One option is to
approximate the equivalent control to determine its sign. Using
(6), an approximation is

*

v
Ueq R EC (20)

but in most cases can not be used in practice because the phase
shifting between v} and .

A. Detection of Equivalent Control Sign

This work proposes to indirectly obtain the equivalent control
sign. Note that (12) splits the calculus of ¢ in two regions defined
by 0 < teq < 1 and —1 < ueq < 0. Therefore, the evaluation
of ¢ can provide information about the sign of the equivalent
control. In fact, SMC law is designed to fulfil that 6o < 0; that
is, the slope of o always points to the surface ¢ = 0. In other
words, ¢ = 0 indicates that the sliding motion is going to be lost.
This is the property that is exploited in the three-level sliding
mode implementation. In fact, the loss of sliding motion when
operating with « = 0 is an expected scenario and requires to
update the control signal from v = {0, 1} touw = {—1,0} when
Ueq goes from positive to negative and viceversa to avoid it.

With this in mind, in order to implement the three-level control
with a two-level hysteresis band comparator the control law (10)
is modified as

1

u=3 [Uscq —1/]

that consists in the following two terms.
1) The first one replaces the sign of w4 in (10) and follows
the abovementioned idea. The variable ug, € {—1,1} is
defined as

2n

us,, = |ulus, — (1 — |ul) sign(d) (22)

where the initial state of ug,, is set using the sign of (20).
2) The second term of (21) is the update of the sign function
to include a hysteresis band, A, see [1] for further details.

The variable v € {—1, 1} is defined as
v =sign(o + Av). (23)

Fig. 2 shows the scheme of the VSI with the three-level
FOSMC and Fig. 3
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Fig. 3. Behavior of the switching function with the proposed three-level

control. (a) From positive to negative ueq. (b) Viceversa.

depicts the behavior of the switching function with the pro-
posed controller in (21). As expected, it remains within the
hysteresis band and the error is bounded.

B. Switching Frequency Analysis

According to Fig. 3, it is possible to estimate the switching
period of the control action u. Assuming a piecewise linear
behavior inside the hysteresis band the switching period can
be computed as

2A  2A

sw— T T .
o4 o_

(24)

where ¢4 and ¢_ hold for the positive and negative switching
function slopes within the hysteresis band, respectively. In the
following, (24) is evaluated for two-level and three-level cases
as follows:
1) When SMC is implemented using two-level signal, i.e.,
u € {—1, 1}, replacing (7) in (24) yields

4AbLC[ 1 }
2

swp —
b oF

25
—_— (25)

where A, is the hysteresis band of the comparator. The
switching frequency can be estimated as

aF
— 1
4N, LC

2) For the three-level case, considering (12), (24) can be
computed when the equivalent control is positive

fswb = (26)

— Ueq”] -

2A,LC 2A,LC
tow, = 27
M aE (1 - ueq) B ueg @7
and when the equivalent control is negative
2A,LC 2A,LC
sy = T + - (28)
aBuey  aB (14 ue)
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Fig. 4. Steady-state switching frequencies for two-level and three-level
FOSMC in a reference signal period.

which can be merged in

2A,LC 1
okl

tow, = . (29)
‘ueq| - ueq

Therefore, the switching frequency can be obtained as
ab
fow, = A, LC (lteq| — Ueqz) :

The steady-state averaged values of the switching frequency
in both cases can also be found using (26) and (30). From (6), and
noticing that at steady-state v, = v, the steady-state equivalent

(30)

control is
Umss = Bsin (wt + 0) 31
where
B A\/(l—LCw2)2 (w)2 (32)
E R
and
f = arctan (R(l—IAZC'oﬂ)> 33)

Therefore, replacing (31) in (26) and (30) and applying the

operator
f sw/ — / f sw dt

to the fq, and fy,, the steady-state averaged switching fre-
quency results in

oF B2
(fowy) = IALC (1 - 2) (34)
for the two-level case, and
aE 2B 32

for the three-level one.
Fig. 4 shows the plot of the expressions (26), (30), (34), and
(35) using the data of Table I but setting the hysteresis band
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TABLE I
VSI AND FOSMC PARAMETERS

Parameter Symbol Value
Input voltage E 420 V
Reference signal vi(t)  2204/2sin(2750t) V
Output voltage frequency f 50 Hz
Inductor L 400 puH
Capacitor C 50 puF
Output power P 1.2 kW
FOSMC parameter « 0.005
Hysteresis band two-levels Ay 954
Hysteresis band three-levels Ay 518
Dead time 1 ps

values to A, = 500 and A, = 1000. The value of the equiva-
lent control amplitude is of B = 0.7393. It is straightforward
to obtain the values of the time instants when the switching
frequency functions get their maximums and minimums within
the signal period. That is, two maximums of

aF

4N, LC (36)

fSWbmax =

atty = 1(m —#6) and t; = 1 (27 — ¢), and two minimums of

f _ aF
Womin = YA LC

at t; = 5—(m —20) and t, = 5= (37 — 26) for the two-level
case. With respect the three-level case, the corresponding values
are

(1-B?) (37)

aF
8A,LC

for t1 =1(¢p—0), ta=2(n—0¢—0), ts=2(n+¢—0),
andty = (27 — ¢ — 0), where ¢ = arcsin(5} ), for the maxi-
mum and takes the minimum value of zeroat t; = X (7 — 6) and
ty = L(2m — 6). The plot of Fig. 4 displays all these maximums
and minimums, including the zero minimum of the three-level
case, which means that the sliding motion is momentarily lost.
Furthermore, the figure also shows the switching frequency
averaged values obtained using (34) and (35), which have been
plotted with dashed lines. Notice that for the given values of A,
and A, the values do not match. Both FOSM controllers can
operate with the same average switching frequency when A,
and A, are set in compliance with the expression

A, B(8-27mB)
A, 7(2-B?)
which is obtained equaling (34) and (35).
From (39), and with B = 0.7393, it can be deduced that A,, =
0.5432A, ensures the same averaged switching frequency for
both FOSM, which results in A, = 954 and A, = 518 for
20 kHz with the parameters shown in the Table I.
Remark 1: When the three-level FOSM and the two-level
FOSM operate at the same switching frequency, the current

(38)

f SWlmax

(39)
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Fig.5. From top to bottom. I—Output voltage, reference voltage, bus voltage,

and output current. 2—Control action. 3—Switching function and hysteresis
band. 4—Details of switching function and hysteresis band.

ripple of the former is lower than that of the latter. That is, from
the state equations shown in (2) and assuming that v. > 0, it is
straightforward to find that the current ripple of the three-level
and second-level approaches are given by

Ve

1
Nipy=—(E—v.)—

tow 40
T s (40)
and
Niny = —= (E )(1+Uc)t (41)
Ly = 27, Ve E SW

respectively. Hence, the ratio between the ripples is

Lotu _ e )

Aipy E + v,

which, since the single-phase inverter is a step-down converter,
is always less than unity. The Fig. 8

shows the graph of the evolution of the current ripple ratio
within the positive half-period of the output voltage.



15858 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 10, OCTOBER 2025

TABLE II
EXPERIMENTAL RESULTS OF THE VSI

THD Voltage (%) Voltage error (%)

Hysteresis  Output Power (kW) Two-level  Three-level Two-level  Three-level
Linear Load
Variable 0 0.2 0.4 0.74 1.79
Fixed 1.2 0.2 0.7 0.77 2.03
Variable 1.2 0.2 0.4 0.74 1.79
Nonlinear Load
Fixed 0.63 0.3 0.9 1.73 2.12
Variable 0.63 0.2 0.4 1.60 2.05
* Measured with a FLUKE 434 Power quality analyzer.
TABLE III

FIGURES OF MERIT OF UNIPOLAR SMC SINGLE-PHASE INVERTERS

E Ve Fsw C L Power THD (L) THD (NL) Transient time Controller
This work 420 V. 220 Vims 20 kHz 100 pF 0.4 mH 1.2 kW 0.7 % 0.9 % 0.3 ms SMC with symmetrical two-level hyst.
[19] 275V 120 Vims 13.42 kHz 100 pF 0.25 mH 048 kW 0.74* % 34 % SMC with three-level hyst.
[17] 300 V % Vims 21.67 kHz 100 pF 0.25 mH 1.6 kW 1.9 % 0.2 ms Fuzzy logic + SMC with three-level hyst.
(8] 360 V. 220 Vims 15 kHz 9.4 uF 0.357 mH 6 kVA 1.1 % 1.7 % 0.5 ms PWM with boundary layer SMC
* Simulation result.
C. Variable Hysteresis Band for Bounded Switching confirm the expected good performance of the controlled VSI
Frequency Operation for the following cases.
d 1) When facing load and input voltage variations (see Fig. 5).

Switching frequency can be set to a desired value, g, ,
adjusting the hysteresis band using (29). That is, from (29), one
gets

oF ,

A, = ﬁtswu (tteq| — teq®) (43)

which, evaluated at steady-state and considering (31), can be
written as

aFEB
A, = ———td
2LC °%
where B and 6 have been defined in (32) and (33), respectively.
Notice that the hysteresis nullifies periodically when wt + 6 =
km, k € Z. In order to ensure a nonzero hysteresis value at any
time, A, is saturated to a small (close to zero) value.

(|sin (wt + ) | — Bsin® (wt +0))  (44)

D. Simulation Results

In order to test the proposed three-level FOSMC, a VSI with
parameters shown in the Table I was numerically simulated
using Matlab—Simulink software. The power stage was built
with the Simscape toolbox and the controller was implemented
using Simulink blocks. The solver was the discrete (no conti-
nous states) and the simulation step was a fixed-step of 20 ns.
The switching frequency was set to 20 kHz. The discrete-time
simulation was carried out including nonideal effects (losses,
dead times,...) and discretization issues, such as computational
delay or the resolution of the PWMs and the ADCs. The results

Specifically, the load changes from open circuit to 24 €2,
and viceversa, and the input voltage does so from 420 to
380 V.

2) When the VSl is been loaded with a diode rectifier acting
as a nonlinear load (see Fig. 6).

3) When there are +50 % variations in capacitor and
inductor values with a load transient from no load to 22
Q (see Fig. 7).

In addition, to the good behavior of the VSI output voltage,
the simulations also show several important facts to be remarked
as follows:

1) The eventually loss of the sliding regime due to the sudden
load change (see third subplot of Fig. 5) as it was pointed
out in Section III-D.

2) The behavior of the switching functions when the control
changes from the {—1,0} set to {0,1} set (see bottom
subplots of Figs. 5 and 6). Notice that, due to the small
values of the switching surface, the voltage error is also
lower than the fixed hysteresis case one, thus reducing
the output voltage THD. Moreover, since the simulation
includes the computing delays and the hysteresis band
takes its minimum value, eventually the switching func-
tion evolves out of the hysteresis bands.

3) The controller shows high robustness when faced with
output LC filter variations. Notice that the sliding motion
is preserved in all the simulated cases shown in Fig. 7.
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Fig.6. From top to bottom. 1—Output voltage, reference voltage, bus voltage,

and output current. 2—Control action. 3—Switching function and hysteresis
band. 4—Details of switching function and hysteresis band.

Furthermore, switching frequency evolution has also been
numerically calculated from the simulation data and it is shown
in Fig. 9

for fixed hysteresis operation and when the hysteresis is
dynamically adapted. As expected, the results confirm that vari-
ations of the switching frequency around the desired value are
reduced in the last case.

V. IMPLEMENTATION DETAILS

The three-level FOSCMC has been implemented using the
TMS320F28377S microcontroller (4C) from Texas Instruments
and it has been experimentally evaluated.

A. Experimental Setup

Table I shows the VSI parameters of the setup. For the
VSI full-bridge, the switch IGBT SOMTO60WTHA has been
used. The output capacitor is formed by two capacitors
C4AEGBWS5500A3LJ connected in parallel (2 x 50 pF). The
inductor has been built using gapped ferrite cores wound with
copper litz wire. The time derivative of the output voltage is
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obtained measuring the output capacitor current with a hand-
wound current transformer (CT). The number of turns is 500,
resulting in a secondary inductance of 800 mH. The secondary
of the CT is closed by a burden resistor of 6.8 (2.

B. Controller Discretization

The controller and the hysteresis band adaptation algorithms
have been programmed in the TMS320F28377S pnC. Details
concerning the implementation are described in the following.

1) Digital Implementation of the FOSMC: In this work, the
approach used to implement the controller consists of emulating
the behaviour of a continuous-time hysteresis comparator in a
discrete-time domain. This technique was also applied in [15]
and [16]. It can be summarized as follows:

1) The switching function is computed at any sampling pe-
riod according to (4) through the ADC’s of the uC'. At
sampling instant k, o, is computed.

2) Once the switching function is computed, a prediction of
the k£ + 2 sample is calculated, assuming piecewise linear
behavior of o. Then, 62 is obtained at time instant k7'
as

Opt2 =30 — 204 1. (45)

3) The emulation of the hysteresis comparator is performed
using aPWM, as shown in Fig. 10. According to the figure,
the control action must be able to switch from O to 1 at
t = t1 + 2kT. Then, the duty cycle, d, of u to be loaded
att = 2kT is

Tt

T Okt2 — Opt1

dy = Opy2 — A

(46)

The computing delay, t., produces that the computed
control signal at k7" cannot be loaded until 2k7". This
justifies the prediction of 7o for obtaining an approx-
imated behavior of the ideal hysteresis comparator. With
that technique, the computing delay effect is bypassed.

4) The expression for computing d when u switch from 1 to
0is

_ bty A=y

O T k45— Okia 7

The proposed idea for implementing the hysteresis compara-
tor using a discretized system works as expected as the piecewise
linear behavior hypothesis is fulfilled. As a consequence, the
algorithm runs as fast as possible, in this case at 7' = 1.6 us.
This sampling time has been made possible by the ability of
parallel code execution through the control law accelerator
(CLA), which is another processor included in the F28377s.
Basically, the control code is executed in the CLA, meanwhile
the main CPU is in charge of generating the voltage reference,
writing in the DAC registers for visualization, checking possible
over-currents, communications with the host PC, etc. A block
diagram of the implementation is shown in Fig. 11.

2) Hysteresis Band Adaptation: The hysteresis band is ad-
justed using (43), which has been discretized and programmed
in the pC'. The value of the equivalent control of (43) has
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shown in the Table I.

*
Ye

been approximated to ueq = 35 and the minimum value of the
hysteresis band has been set to A, = 50.

VI. EXPERIMENTAL RESULTS

In order to highlight the differences between the standard
two-level approach and the proposed three-level FOSMC, the
controllers have been tested under the same working scenarios.
The results are detailed in the following sections.

A. Test 1: Steady-State Behavior

The first tests consist of operating the FOSMCs with a
constant hysteresis band. Fig. 12 shows the steady-state con-
verter variables for the two-level case and Fig. 13 those for the

30 T T T T T T T

25 7

15

10

0 1 1 1 1 1 1 1

0 0.005  0.01 0.015 0.02 0.025 0.03 0.035 0.04

Fig. 9. Switching frequency behavior for three-level operation using fixed
(black) or variable (blue) hysteresis bands.

three-level one. Noticed how the control signal is modulated
by the switching function behaving within the hysteresis band.
In the two-level case, the duty cycle varies from maximum
to minimum, around the capacitor voltage peaks, achieving a
value of 0.5 when the capacitor voltage is close to changing
polarity. As expected, the behaviour of the switching function
for the three-level case is quite different. When reaching the
change of polarity, the slope of the switching surface tends to
become zero, meaning that the sliding regime is close to be
lost. At this point, the controller acts and changes the control
thus avoiding the loss of the sliding motion and retaining the
switching surface within the hysteresis band. Figs. 14 and 15
show the steady-state variables for the two-level and three-level
case, respectively, when the hysteresis bands are dynamically
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adapted to bound the switching frequency around 20 kHz. The
FFTs of the inductor current and the control voltage have also
been included. By comparing the FFTs of Figs. 14 and 15 with
their corresponding in Figs. 12 and 13, one can easily check
how the switching frequency spread is lowered when hysteresis
adaptation is applied.

B. Test 2: Diode-Rectifier Load

A diode rectifier with parameters R;, = 1502, s = 1), and
C, = 6.6 mF, providing a crest factor of 3 with a current peak
of 14 A for an output voltage amplitude of 220v/2 V, has been
used as nonlinear load for the test. Figs. 16 and 17 present the
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results for the two-level and three-level case, respectively. Both
figures also show the voltage error, and the peak-to-peak values
ofe, = 10 Vand e, = 12.8 V can be measured, which results in
a 1.60 %, for the two-level case, and a 2.05 %, for the three-level
one, with respect to the peak-to-peak output voltage. Note that,
although the error in the three-level case is higher than the value
of the two-level case, this value is still good for such nonlinear
load.

C. Test 3: Output Voltage Regulation

The VSI has also been tested when the load changes from
open circuit to 44 2. The transient responses can be seen in
Figs. 18 and 19. Note that the transient has been produced in
the worst case, where the peak current is maximum. In both
cases, the switching function does not leave the hysteresis band,
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the transient is very fast and the voltage error remains the same
with a peak-to-peak values of e, = 4.6 Vand e, = 11.2 V, for
the two-level case and the three-level one, respectively.

D. Test4: THD

The THD and maximum voltage tracking error are shown in
the Table II. These data confirm the good performance of both
implementations in sliding mode. For both indexes, the two-level
sliding controller shows smaller values than the three-level one,
but it should be remembered that the three-level implementation
provides alower current ripple for the same switching frequency.
On the other hand, the comparison of the THD data for fixed and
variable hysteresis confirms, as expected in both cases, two and
three levels, that the use of dynamic hysteresis band adaptation
results in a lower THD value.

VII. COMPARATIVE ANALYSIS

The control algorithm has been compared with three-level
SMC reported in the specialist literature. Table III shows the
main figures of merit for the proposed SMC implemented with
a symmetric two-level hysteresis comparator, a SMC with three-
level hysteresis comparator implemented as two level hysteresis
functions [19], the extension of the previous work with a fuzzy
logic adaptation to improve the transient response [17], and in [8]
where the SMC is implemented using a boundary layer and
fixed-frequency operation is obtained with a PWM. Note that the
proposed SMC achieves the best THD indexes with both linear
and nonlinear loads. Moreover, regarding the transient time
after a load change, it should be remarked that fastest response
corresponds to the design of a rotating-sliding-line-based SMC
particulary developed for an enhaced transient but using fuzzy
logic that complicates the implementation of the controller. The
present proposal shows also very good transient response with
a simple implementation.

VIII. CONCLUSION

This article presents the implementation of a three-level
(unipolar) FOSMC for a single-phase inverter. The controller is
implemented using a single two-level hysteresis band compara-
tor, which ensures that the switching function behaves within a
symmetrical hysteresis centered at zero. The proposed design
guarantees tracking of the reference sinusoidal voltage with
robust behavior in the face of load and input voltage variations,
as well as good measured performance in terms of error and
harmonic distortion of the output voltage. In addition, the appli-
cation of a variable hysteresis band provides a desired average
switching frequency with a small frequency variation. A com-
parative experimental evaluation between the three-level and the
two-level SMC with fixed and variable hysteresis band shows,
as expected, that the former has lower ripple in the converter
variables than the latter for the same switching frequency, and
the THD and output voltage error are very low for linear and
nonlinear load in all cases, being slightly better for the two-level
variable hysteresis implementation than for the three-level case.
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