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Abstract

A DC-to-AC power conversion scheme is presented
which uses conventional DC-to-DC switched power
converters. The proposed feedback controller is based
on an indirect sliding mode inductor current tracking
scheme for a suitable off-line generated reference trajec-
tory, thus circumventing non-minimum phase problems
associated with the regulation of the output capacitor
voltage variable. The inductor current reference trajec-
tory is generated by means of an iterative functional ap-
proximation algorithm placing the required input cur-
rent in terms of the desired output voltage trajectory
and an indefinite number of its time derivatives.

1 Introduction

The most popular devices achieving DC-to-DC power
conversion are known as: the “buck” converter, 'the
“boost” converter, the “buck-boost” converter, the
“sepic” and the “Cik” converter (see Severns and
Bloom [6]). The simplicity of the DC-to-DC switched-
mode power converter topologies joined to the robust-
ness of its discontinuous feedback control and their
transportability make them highly desirable as poten-
tial candidates for DC-to-AC conversion schemes.

Traditional approaches to DC-to-AC power conver-
sion include among other options: PWM commanded
switch based inverters, fed by Un-interruptible Power
Supplies (UPS) or rectified voltage sources; Various
combinations of Series-Resonant DC/AC inverters and,
more recently, the so called Zero-Voltage-Switching
(ZVS) PWM commutation cells linking constant volt-
age sources and “buck” converters (see, among an im-
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mense wealth of articles in these areas, the works of
Mendes de Seixas [4], [5], Garcia and Barbi {i], Jung
and Tzou [3], Hsieh et al [2] and the many references
therein). In [9] DC-to-AC power conversion is tackled
using a Fourier series solution of an Abel type of dif-
ferential equation in combination with a backstepping
controller.

In this artice, we propose a systematic approach for
yielding sliding mode control based DC-to-AC power
conversion scheme using the traditional “boost” and
“buck-boost” converters. We propose an off-line itera-
tive computational scheme which formally generates an
infinite order differential parametrization of the induc-
tor current reference trajectory in terms of the desired
AC capacitor voltage reference signal. However, a fi-
nite number of iterations of the algorithm (typically
one or two) approximately expresses a suitable induc-
tor current reference trajectory as a differential func-
tion, of finite order, of the desired capacitor voltage.
An indirect sliding mode control approach is then pur-
sued which tracks the candidate inductor current ref-
erence signal thus circumventing the well known non-
minimum phase character of the voltage variable as a
system output.

Section 2 revisits the feasibility of an indirect sliding
mode control scheme based on current signal tracking,
as opossed to voltage signal tracking, for the “boost”
converter. We also revisit the differential flatness of
the “boost” converter and proceed to develop an off-
line computational scheme for the generation of a suit-
able inductor current reference signal. Simulation re-
sults depict the rapidly convergent nature of the pro-
posed off-line computational algorithm and the preci-
sion with which a desired AC output voltage signal
is tracked by the indirect control scheme. Section 3
presents the corresponding developments and simula-
tions for the “buck-boost” converter circuit. Section 4
is devated to present some conclusions.



2 DC-to-AC Power Conversion using the
“boost” converter

The switched model of a “boost” DC-to-DC power con-
verter is given by

d
LEII = —uzrs+ F (1)
C%xz = ury— I—; (2)

where T, represents the (input) inductor current and
x5 is the (output) capacitor voltage. The switch po-
sition is represented by the control variable v and it
takes values on the discrete set U = {0,1}. The circuit
parameters L, C and R are assumed to be perfectly
known.

2.1 Problem formulation

It is desired to devise a discontinuous feedback control
law for u, such that the capacitor voltage, o, tracks
a given desired voltage signal 3(t). This signal is as-
sumed to be bounded and sufficiently differentiable. In
fact, we assume that x3(t) is smooth, i.e., infinitely dif-
ferentiably. Specifically, we are interested in generating
an output voltage of the form z3(t) = A+ (B/2)sin wt
with A, w > 0 and B being a constant of arbitrary
sign.

2.2 Some of the difficulties
The “boost” converter state variables are known to ex-
hibit the following properties (see [8]).

1. The capacitor voltage x; is a nonminimum phase
output variable. This means that if a particular
value for z,, say z3(t) is imposed on the system
behavior, the resulting inductor current is char-
acterized by an unstable “remaining dynamics”.

2. The inductor current z, is a minimum phase out-
put variable. Then, if a particular value for z;,
say ;(t) is perfectly tracked, the resulting capac-
itor voltage is represented as the trajectory of a
globally stable “remaining dynamics”

3. It is not clear how to generate the suitable in-
ductor current reference signal which has as a
“remaining dynamics” solution, precisely, the de-
sired output capacitor reference signal z3(t).

2.3 A feasible indirect tracking approach

Suppose that a suitable smooth inductor current ref-
erence signal is given as z}(t), whose time derivative
is, of course, also bounded. A discontinuous feedback
controller which reaches and sustains a sliding motion
on the time-varying surface ¢ = z1 — z}(t) is given by

u = 0.5(1+ sign o) 3)

Indeed, starting from zero initial conditions for z; and
T2, we have that initially z,(t) is smaller than zj(t)
(i.e, ¢ < 0). The switching strategy (3) sets u = 0
and the inductor current z; grows with slope equals
to E/L, while z remains at zero. The sliding surface
reaching condition is thus satisfied from “below”, pro-
vided the reference signal z](t) is designed with a time
derivative which is bounded above by E/L. Clearly,
under such assumptions, the quantity oo is negative
and given by o (E/L—4}(t)) < 0. When the sliding
surface is reached and slightly overshot, the controller
(3) starts to inject large positive current pulses to the
output RC filter by letting u = 1. As a consequence, z;
immediately starts to grow from zero, rapidly reaching
the converters amplifying mode 2 > E. Thus, while
0 is positive, its time derivative, ¢ = (—z2 + E)/L,
becomes negative. Hence, the sliding surface reaching
condition 0& < 0 is also satisfied from “above” after
the circuit is found in its amplifying mode.

The corresponding “equivalent control” is now ob-
tained as
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The necessary and sufficient conditions for the exis-
tence of a sliding regime, given by

0 < <1 (5)

imply that, at each instant, the following set of inequal-
ities must be satisfied,

0< E— Lij(t) <z (6)

The restriction &} (t) < E/L implies, roughly speaking,
a limitation on the amplitude and frequency of the de-
sired reference signal. Specific tracking limitations of
the sliding mode control approach have to be worked
out, in detail, for each particular given reference signal
waveform x(t).

The ideal sliding dynamics corresponding to the sliding
surface ¢ = x; —z}(t) is given by the following asymp-
totically stable time-varying nonlinear dynamics,

= (EiDs0-25 0

In order to establish the stability of (7) we define the
variable p = 22 which is easily seen to satsify the follow-
ing exponentially asymptotically stable linear differen-
tial equation subject to bounded perturbations input
signals,

==l - R(E-Lai®)ai)]  (®)



2.4 Differential flatness of the “boost” con-
verter

As already demonstrated in [7], the boost converter
is differentially flat. This implies the existence of a
differential function of the state, termed the flat out-
put, which completely differentiallyh parametrizes, all
system variables (i.e., states, outputs, as well as the
input). The flat output for the “boost” converter has
been established to be the total stored energy of the
circuit. For the circuit considered here, the flat output
is F',.as given by

1
F= D (La? +Ca}) (9)
Since the time derivative of F' is independent of the

input u, both F and F locally qualify as a new set, of
state variables. Indeed, the relations,

F = %(sz+0x§)
2
. T
F = Ez, -2
e (10)

represent a locally invertible state coordinate trans-
formation capable of yielding a system in controllable
form.

2.5 An iterative procedure for generating a
suitable inductor current reference

Consider then the set of relations (10). Evidently, one
may “embbed” the such set of relations as the outcome
of a convergent iterative procedure, aimed at elimina-
tion F, where the value of £y = z; o has been com-
puted exclusively in terms of a given fixed function x5,
and, possibly, an infinite number of its time derivatives.
In other words, x;, viewed as the outcome of such an
iterative procedure, could be represented by

.
I i
Tk = pEtE
1
Frpa = E(La:f_k+C:c§) (11)

This algorithm sequentially yields an approximation of
a static relationship between z; and z2, which only
involves polynomial expression of z3 and of its time
derivatives. The algorithm of course should be “initial-
ized” by an arbitrary but reasonable trajectory, Fp(t),
for the flat output F.

Starting from the natural equilibrium condition,
Fy(t) = constant, one obtains a sequence {z1x} of
approximating expressions for the inductor current ref-
erence trajectory z,,
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Section 3 below presents the numerical assessment of
the above computational algorithm in the context of a
biased sinusoidal output voltage wave generation. The
convergence properties are seen to be remarkably fast.

2.6 Simulation Results for the “Boost Con-
verter”

A typical “boost” converter was chosen, with circuit
parameters L =20 mH,C=1uF, R=50Q and E =
15 Volts. We took as sliding surfaces, o0x = 21 — 3 . (t)
for k = 0,1, with ] o(t) and 7 ,(t) as given by (12)-
(13), respectively. As a desired output capacitor volt-
age signal, we chose, z3(t) = A + B/2 sinwt. The
constants A > 0, B and w were set so that the slid-
ing mode existence conditions (5) were satisfied. The
parameters of the desired sinusoidal voltage reference
signal, A + (B/2)sin(wt), were set to be A = 22.5,
B =6, w = /2 x 10? [rad/s] , i.e, which correspond to
a sinusoidal voltage of the form

z3(t) = 22.5 + 6sin(v2 x 10? t) Volts

In accordance with a possible realistic implementation,
the underlying sampling frequency used in the simula-
tions of the sliding mode control was taken to be 70.71
KHz.

Figure 1 shows the closed loop output voltage re-
sponses of the proposed sliding mode tracking con-
troller for various sliding surface candidates of the form,
O =21 —T], (t), with k& = 0, 1. The simulated output
voltage responses are shown, for comparison purposes,
along with the desired output capacitor voltage signal
z3(t). These signals can hardly be distinguished from
each other in both cases. Figure 1 also shows the trajec-
tories of the off-line generated inductor current signals,



along with the actual inductor current responses. As
it can be seen, for k = 0 we already have an excel-
lent agreement between the generated sinusoidal signal
x2 and the desired reference signal x3(t). This agree-
ment is not substantially improved, in the next itera-
tion when k = 1. After sliding starts, the equivalent
control trajectories are bounded by the closed interval
[0,1].

3 The “buck-boost” converter

Consider the switched model of a “buck-boost” DC-to-
DC power converter

L%xl = (1-u)zz +uE (16)
d I
Cdt:cz = —(1-u)z;— = 17

where x; represents the (input) inductor current and x2
is the (output) capacitor voltage. The switch position
is represented by u € U = {0,1}. We take as the
differentialy flat output F, the energy like quantity

F= % (La? +C(z5— B)?) (18)

As before, it is desired to devise a discontinuous feed-
back control law for u, such that the capacitor voltage,
x4, tracks a given biased smooth desired voltage signal

z3(t).

The capacitor voltage z2 of the “buck-boost” converter
is known to be a nonminimum phase output variable,
while the inductor current x; is a minimum phase out-
put (sec [8]). As in the “boost” converter case it is
not clear how to generate a suitable inductor current
reference signal which has as a “remaining dynamics”
solution, precisely, the desired output capacitor refer-
ence signal z3(t).

3.1 An indirect sliding mode tracking solution
Suppose that a suitable smooth inductor current refer-
ence signal is given as zj(t). A discontinuous feedback
controller which reaches and sustains a sliding motion
on the time-varying surface ¢ = z; — z}(t) is given by

u = 0.5(1 —sign o) (19)

Indeed, starting from zero initial conditions for z; and
Zg, we have that initially z;(t) is smaller than z}(t)
(i.e., 0 < 0). The switching strategy (19) sets v = 1
and the inductor current z; grows with slope equals
to E/L, while z remains at zero. The sliding surface
reaching condition is thus satisfied from “below”, pro-
vided the reference signal z} (t) is designed with a time
derivative which is bounded above by E/L. Clearly,

under such assumptions, the quantity 06 is negative
and given by o (E/L — £}(t)) < 0. When the sliding
surface is reached and slightly overshot, the controller
(19) starts to inject large negative current pulses to
the output RC filter by letting u = 0. As a conse-
quence, 2o immediately starts to decrease from zero,
rapidly reaching the converters “reverse” amplifying
mode, T; < —E. Thus, while ¢ is positive, its time
derivative, & = (z2)/L, is negative. Hence, the sliding
surface reaching condition 06 < 0 is also satisfied from
“above” the surface just after the circuit is found in its
reverse amplifying mode.

The corresponding “equivalent control” is now ob-
tained as L)
To — LTy
=" 20
eq o — E ( )
The necessary and sufficient conditions for the exis-
tence of a sliding regime, given by

0< tteg < 1 (21)

imply that, at each instant, the following set of inequal-
ities must be satisfied,

0>.’II2—L12‘I(£)>:E2—E (22)

where the inequality signs have been reversed due to
the negative character of the quantity x2 — E.

The restriction £} (t) < E/L implies a limitation on the
amplitude and frequency of the desired reference signal,
while z2 < Lz](t) represents a time-varying constraint
which forces the nominal desired voltage across the in-
ductor to be larger than the capacitor. voltage response,
at all times.

The ideal sliding dynamics corresponding to the sliding
surface 0 = z; — z}(t) is given by the following stable
time-varying nonlinear dynamics,

. (E—L&(0)) . z
T2 = (m) zi(t) - R—é (23)

The asymptotic stability of (23)is determined by defin-
ing p = zz(x2 — 2E), which is easily seen to satsify
the following exponentially asymptotically stable linear
differential equation subject to bounded perturbations
input signals,

b= s~ RE-LH@)zi 0]  (24)

3.2 Differential flatness of the “buck-boost”
converter

The flat output for the “boost” converter has been es-
tablished to be the quantity (sec [7] ),

F = (Lz}+ C(z2 — E)?) (25)
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Consider the flat output F and its time derivative, writ-
ten in the following form

_ zo(z9 — E) F
=~ rE 'F
(La? + Czy(z2 — E)) (26)
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The set of relations (26) motivate the following iterative
procedure, which sequentially yields an approximation
of a static relationship between z; and z,, involving
only polynomial expression of 22 and of its time deriva-
tives.
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Starting from the equilibrium condition, Fp(t) =
constant, one obtains a sequence {z1x} of approxi-
mating expressions for the inductor current reference
trajectory z,
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3.3 Simulation Results for the “Buck-Boost”
Converter

Digital computer simulations were carried out on a
“buck-boost” converter with the same circuit parame-
ters as in the “boost” example: L =20 mH, C =1 uF,
R =50 Q and E = 15 Volts. The tested sliding sur-
faces candidates are of the form, ox = 1 —x] x(t), cor-
responded with k =0, 1, with z3 o(t) and zj ,(t) given
by (28)-(29), respectively. As a desired output capaci-
tor voltage signal, we chose, z3(t) = —A — B/2 sinwt.
The constants A, B and w were set so that the sliding
mode existence conditions (21) were satisfied. The pa-
rameters of the desired sinusoidal voltage reference sig-
nal, were set to be A =22.5, B =6, w = 353.55 [rad/s]
, which correspond to a sinusoidal voltage of the form

z3(t) = —22.5 — 65in(353.55 t) Volts

Figure 4 shows the closed loop output voltage responses
of the proposed sliding mode tracking controller for the
two sliding surface candidates, oy =1, — ZI,k(t)v with
k = 0,1. Figure 4 also shows the trajectories of the in-
ductor current reference signal, and the actual inductor
current responses. For k = 0 we already have an excel-
lent agreement between the sinusoidal signal response
x5 and the desired reference signal z}(t). The tracking
error for x; is so small that no noticeable discrepancy
exists between the desired signal and the converter’s
response. The equivalent control trajectories are also
shown to be bounded signals constrained by the closed
interval [0, 1].

4 Conclusions

In this article we have proposed a new approach for
the generation of biased sinusoidal AC voltage signals
in the output of a DC-to-DC power converter circuit
of the “boost” and “buck-boost” types. The proposed
control scheme is based on an indirect sliding mode
reference inductor current trajectory tracking task for
a suitable reference trajectory. The reference induc-
tor current signal is obtained in an off-line fashion
from a simple iterative recursive algorithm which se-
quentially yields approximating finite order differential
parametrizations of the inductor currents in terms of
the capacitor voltages. Such an off-line procedure is
made possible thanks to the differential flatness of the
“boost” and “buck-boost” circuits.
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Figure 1: “Boost” converter closed loop response using
two generated inductor current reference tra-
jectories, z o (left column) and z3 4, (right col-
umn), w = 141.42 [rad/s].

Figure 2: “Buck-boost” closed loop response using two
generated inductor current reference trajecto-
ties, 7} ¢ (left column) and 27 ; (right column),
w = 353.5 [rad/s].



