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Abstract

In this article the theory of variable structure systems, and

their associated sliding regimes, is proposed as a means of

dealing

with the design problem of AC-to-AC converters achieving a leading

pover factor in AC 1lines. ‘The approach

allows for; 1) a direct

approach methodology without average approgximations based on discrete
time considerations, 2) simplicity in hardware implementation over

currently
detsraination of
line-converter arrangement via
relevant to the design problem.

employed  Pulse-Width-lodulation
template current
sliding mode existenge conditions

techniques and, 3)
tracking capabilities of the
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1. _INTRODUCTION

Forced-commutated converters are re-
ceiving increased attention in the
literature thanks to their remarkable
capability of controlling the AC pover
factor and perform harmonic improvements
vithout the need of capacitor or inductor
banks. Instead, thiristor converters
(Stetanovich, 1979), Csaki &¢ a21983)
and, more recently, pulse-width-modulation-
based AC-to-AC converters (0oi e al
1987, Katacka 2¢ #2. 1979) are used vith a
substantial savings in both cost and
cabinet aspace. On the other bhand, the
impressive advances in fast-avitching
trzansistors with high-pover ratings such
as Hostets and GTO's, have resulted in a
gradual replacement of line-commutated
thyristor converters by corresponding ones
controlled by transistors and GTO'a.

In this article, the theory of variable
structure systems, and their associated
sliding modes (Utkin, 1978)., is proposed
as a means of achieving a leading power

factor in AC-to-AC converters. The
approach allovs for a rather direct
apalysis of the switched-controlled
converter without local average or

imhis work was supported by the Consejo de
Deserrolle Cientifico, Humanistico y
Tecnolégico ot the Universided de Los
Andes under research grant No. I1-280-87.

discrete time considerations. A variable
structure controlled converter challenges.
in hardwars simplicity, the currently
employed controlled-current Pulse-¥Width-
Hodulation converters. The sliding mode
approach allovs for the study of template
current wavefora tracking capsbilities of
the converter under the scope of sliding
mode existence conditions relevant to the
design problem. Finmally, added to the
intrinsic conceptual and intuitive
adventages. all results pertaining ‘to
sliding modes can also be translated into
corresponding pulse-vidth-modulation con-
trol schemes in & straightforward manner.
as it is shown in Sira-Remirez (1987,
1988a, 19868b).

Section 2 is devoted to formulate the
pover factor modulation problem of an A
povet line as a variable structure control
problem defined on a pover line provided
of an AC-to-AC converter, such as that
treated in (Ooi et al 1967).The single
phase converter model motivates and is the
basis of the thres-phase converter.
Section 3 contains the conclussions and
sujgeations for turther research in the
area. Basic results about variable
structre systems. and their associated
sliding regimes, are presented in Section
4, which qualifies as an Appendix.



2_A YARIABLE STRUCTURE CONTROLLED AC-TO-
A CONVERTER

2.a Varisble Structure Control model of
Single-Phase Converter.

The AC-to-AC converter used to improve
upon the power factor of the AC line is
taken from Ooi o¢ al (1987). The operation
of any thres phase AM-AC converter is
better understood through the single-phase
converter shown in Figure 1.

The operation of the converter involves
the on-oft sates of the. bipolar
transistors Ty and T; . Assuming positive

values of the line current, when Ty 1is
svitched on, the current 1y tlows through
the transistor Ty and the line current I
rises provided appropriate values of ¥ are
used in relation to the voltage amplitude
Y2 ¥ of the line. When T, is set on, Ty is
set off and the current now flows through
the (freevheeling diode D, The line
current nov decays. The same snalysis
follows for negative valuss of the line
current but nov currents iy and I:.z flow
through D; and T, respectively. . The
branches with the constant voltage sources
are knovn a8 the DC-links. The sources may
be obtained from batteries or from a DC
machine-chopper arrangement ( See'Ooi e¢
41,°1987).  Usually, the transistors T
and''T;' are triggered through:'s  PWH
control scheme, retlecting the nesd of
having the 1line current I track a
“template” current wavetors i, obtained

trom the AC mains. The phase angle of the
teaplate is controlled through a three

phase phase-shifting transtomer with
outguta multiplied by an set point
asplitude I, whose limitations and

restrictions will be determined later,
1.e..4y = +VZLsen(vt«) It the line
current I is made to track i, the iC

pover factor will depend on ¢ and hence,
conceivably, one can 1improve it, or.
alternatively, make it adopt a  purely
capacitive character (static capacitor
operation mode). - ’

The mathematical model of the single
phase converter is obtained separately for

sach transistor operating cycle. Thus,
vhen either Ty or Dy conducts:
L diy/dt = 0.5E -v (2.1)

On the other band, wvhen either T, or the
diode D, conducts; : .
Ldiydt = - 0.6 - v (2.2)

At each instant of time., the inmductor

current I is either i, or i, , while the
other current is zero, i.e.. i; = 1 with
iz = 0, and ]'.2 = ‘I vhen 11 = 0. The

variable structure control nodel
retlecting the time-varying nature of the
input signal v(t) = v 2 ¥ ain (wt) is

then given, in extended phase space
coordinates (I,8) (ses Appendix) by :

L dI/dt = u 0.5F - /2 ¥ sin vB (2.3)
dosat = 1

with u taking wvalues in the discrete set
U= {-1,1). The medel (2.3) is a suitable
variable structure control model. as
presented in the Appendix. in which the
parameter u is the control function
representing an ideal relay (switch)
position function. Vhen u = 1. Ty, or Dy,
is supposed to be on. while Dy or T;. is,
respectively, otf. ¥hen u = -1, Ty, or Dy,
is otf and Dy, or T». 1s. respectively.
conducting. '

The switching logac that guarantees a
template current tracking will Dbe
deternined in the next section trom the
sliding mode existence conditions.

'2,b Sliding Hode

| Single-Phase Converter. . ‘
' Let the discoptimuity * "surface® Dbe
“irepresented by the time-varying error
signal (0=t )

|

Aspects 'of the .

8(1,8) = I - i (8) = I - /2I, sin (v8 + ¢)
' (2.4)

vhere iy(0)= /¢ I, sin (v + ¢). is the
template current waveform obtained from

the AC mains via a phase-shifting
transfrormer { Ses Figure 2 ).

The conditions tor a sliding regime to
exist on s(I.8) = 0 are obtained from the
necessary and sufficient conditions (4.4)
applied to this particular case. The
control u is to be switched in such a fora
that if wve denote by u the opposite
control position value to that of u :

ling_,,q d/dt 3(x.8) = (2.8)
u 0.6(E/L)-[v(8)/L]-(diy/d8)ab/at < 0

ling,, g 9/dt 3(x.8) =
9 0.5 (E/L)- [v(B)/L)-(di,/d08)d6/dt > 0
Therefore, if tor » > 0 we let u= -1

then for s < 0 y = 1 and one obtains,
from (2.5), that for all t :



-(0.6E + v ) < L A 1i,(0)sd0

(0.5E - v ) > Ld i,(8)/a8 (2.6)

The folloving slope overload conditiom
is obtained as a necesary and sufficient
condition for the existence of a sliding

notion on 3(x.0) = 0 e

-sax g{0.6B+v) <« minglL d iy/d8 <

1d1,/d0 < max g L d 1,/d0 < min g (0.EE-v)
(2.7)

From here. using v = ¢ 2 ¥V sin ()
and i (8) = /2 I, sin (¥ '+ ¢ ). the

folloving frequency dependent relation is
obtained for the existence of o ahdng
regime:

WEE-V2V<wL/21, <

vl.ri coa(vﬁﬂ)<vl./-1‘<
0.6E -v¥ 2 YV ‘
. (2.8)

or. more brietly:
[YLIg ¢V =vwl I, +¥<(1/(/2)E

(2.9)

‘The teaplate current tracking condition
(2.9) has been systemstically overlooked
in the literature.

For fixed V and E, as the angular
frequency of the line voltage increases,
the converter is only capable of tracking
smaller amplitude template waveforms. At
the same time, the existence condition
(2.9) is independent of the phase shift
impossad on the template waveform.
Cordition (2.9) determines the amplitude

and frequency ranges of the alloweble
harmonic template waveiorms.
Figure 2 shows the hiock diagran

representing the synthesis process for the
svitching logic leading to & sliding
notion responsible for the tracking of the
template signal. Figure 3 represents ,a
typical phese modulator response.

Under ideal sliding conditions ( see
Appendix ) :
s(x.8) = 0

and d/dt s(x.8) = 0.

(2.10)
Hence, from (2. 10) we have that, ideally,
the line current I 1is equal - to the
teaplate current waveform i, at each
instent of time, vhile the time
derivatives of both aiqmls vould be.
ideally. identical.

.

I(t) = ig(t) : AI(t)/dt = dig(t)/dt

{2.11)

Ideal sliding conditions are tantamount
to perfect tracking of template waveform
by the AC line current.

In terms of lilippo-v's average dynaaics,
the second equation of (2.11) is written,
according to (2.3) and (4.14). in exténded
phase space coordinates as :

Ld1/dt = pf-0.6F -v(B)]+(1-p){0.58- v(8)]
= 14/d8 1,(8)

daf/dt = 1 (2.12)

from wvhere one easily obtains :

g = [0.6E -¥(8))/E -(L/E) diy(8)/d8 =
[0.6E~V2¥sin w8]/E ~(YZI,WL/E)cos(v + ¢)

vhile

1-4 = [0.5E+v(8)]/E + (L/E)d1i,(0)/d8 =
[0.5E+/2Vain wB]/E +(/ZI wL/E)cos(vd + §)

From the first of

(2.11) it follows
trivially that

I = piy ¢ (1-p)iy (2.13)

The function p is interpreted as the
fraction of time on vhich the controlled
direction tield of (2.3) is determined by
the u = 1 swvitch position. This allovs one
to redefine, in a more exact fashion than
that of Coi &¢ al (1987), the local
average of the DC link curreats as

Iy=pdy e Fp= (1) iy
(2.14)
ie:

4= 0.707 I, 8in (vl + §) +
(VI /E)[cos ¢ -~ cos (2w + ¢ )]
- (I.2WL/E) sin (2v8 + 2)

(2.16-)

1, =0.707 I, sin (v8 + ¢) -
(VIR/EX cos ¢ - cos (2wl + ¢ )]
+(I,2WL/E) sin (298 + 29)

{2.16)

The avorage delivered DC power, oxpressed
a8 Ppc = 0.BE(4 4-4 7). is given by :



Ppc = VIg [ cos ¢ - cos (2wd + ¢ )] -

I2vL sin (2v8 + 2§)

(2.17)

On the other hand, the average pover
consumed by the AC source (0ol &t a2l ,
1987) is :

Pac = ¥(8)1(0) = 2VI sinve sin(vie+)
= VI[ cosp - cos(2vwB+ ¢)]

(2.18)

vhich leads to the following average power
distribution equation involving the
inductive character of the load :

Pac = Ppc + TP sin 2(v8 +4)
. i (2.19)
2¢. Three-phase phase modulator.

The previous results are easily extended
to the three-phase phase modulator. For
reasons of space such case is not ; treated
here. Only & fev remarks will be made.

An  interesting property of the
three-phase controlled system is that the
average DC-link current, computed as the
sus of the average currents in the DC-1ink

branches., results in a time-invariant
Dé~current (O0i et a2, 1967). In the
Veriable Structure approech, this is

shovn just by addding the three ideal

average DC link currents occurring
respectively on the upper and lower
branches of the arrangement. Also, the

instantaneuous average DC power coincides
vith the instantaneous AC power. It is
easy to see that the balanced' condition
inplies a null neutral current, Ideally,
then, any center tap connection of the DC
sgurces can bhe eifectively: reamoved.

Finally. for ¢ = 270°, the phase medulator:
operates as a static capacitor and the
corresponding DC-link currents are ideally
2610. ‘

3. CONCLUSIONS

311ding regimes have been shown to be
reloevant to the problem of phase current
nodulation through bipolar
transistor-based converters in AC 1lines
vith inductive loads. '

The necessary and sufficient conditions
for the existence of a sliding regims.
quaranteeing template phase-shitted
current tracking, lead to a new frequency
dependent condition involving the template
current and the line voltage amplitudes.

Ideal sliding conditions are equivalent

‘phase modulators.

8liding surface case.

to pertect template "current tracking on
the part of the 1line current. Using
Filippov's average (ideal) sliding
dynamics concept, a local average DC-link
current definition is propcsed as an
appropriate and natural time varying

fraction of the template current rather
than & constant fraction of such quantity.
Essential diftferences arise., in the single
phase modulator case, with respect to
controlled current PW based converters
such as that treated in Ooi e&¢ al {(1987).

These differences are dus to inappropriate

definitions in OGoi’s paper of local
average DC~1ink currents vhereby
assumptions of constant template current
during transistor-diode awitchings ignore
average load inductance effects and only
result in first term approximations to
the average currents computed on the basis
of ideal infinite frequency switchings.
The definition proposed in this article is
not only phisically more natural than that
of Qol e&¢ al (1987). wvhile Dbeing
mathematically more rigurous in the aense
of Filippov (1960). but they also capture
the inductive frequency dependent average
eftects.

The three-phase characteristics of the
ideal sliding dynamics associated to the

phase modulation process totally rederive

known results obtained through PWi-based
However, the bhardware
simplicity ' associated vwvith a Yariable-
Structrue-based Base Drive ‘Control is
vastly superior than that corresponding to
& P¥li-based option. .

a

4.1 Generalities about Sliding Regimes on
Nonstationary Discontinuity Surfaces

Applications of Sliding MNode control

rangse from Power [Elsctronics, Speech
encoding ., Robotics, Power Systeas
Control, Aircratt controller design. and

controlled maneuvers in Flexible Agile
Spacecrafts { See Utkin 1977, 1983 ). Here
we shall only present some of the relevant
aspects of sliding modes of nonlinsar
dynanical systems in time-varying sliding
surfaces. The readsr is referrad to
Sira-Remirezr (1988a., 1968b) for a more
thorough exposition for the atatiomary
The proofs of the
theoreas are simple extensions of those in
Sira-Ramirez (1988b). for this reason they
are not presented here. S

Consider the nonlinear tise-varying
dynamical systea defined on an open set X
x T of B 2 R and expressed in jlocal

coordinates of the extended state space
(x.9) as :

dx/dt = £{x.8) + u g(x.8)

dé/dt = 1 (14.1)



vith £ and ¢ being 1locally defined
tine-varying smooth vector fields. The
control fumction u is assumed to be of
discontinuous nature, taking values on the
discrete set U » { -1,1 ) ., according to
the switching logic :

u e -sign 5(x.8) (4.2)

vhere s(x.8) is a smooth function. of
time varying nature. with uniformly

nonzero gradient on X xT s : R xR ->
R, and detines a discontinuity surface,
in the extended state space, of the form :

S(x.0) = { (£.8) « B! . s5(x.8) =0}
4.3
Detinition 4.1 ( Utkin, 1978 )

A iocal Sliding Rogime is said to exist
on 5(x,.8) it and only it locally on X x T
gtcontroued wotion (4.1).(4.2) is such

lin 55,0 d2/dt <0  and
148 4pg do/dt >0 (4.4)

The trajectories locally. and uniformly

“in T, converge towards 5(x,.0) where they
locally undergo a chattering motion
cmtrainiw in the average, the state
trajectories to the discontinuity surface.
Choosing an appropriate
surtace. the system dynasics is changed at
¥ill with charcteristics uswally not
present in any of the controlled
-structures represented by

each side of 5(x.0).

By a local property. it will be
hencetorth understood that it holds true
Yy on X and uniformly on the open
interval T. It is assumed that X has a

nonempty intersection with S(x.8) for all
8in T.

Lemma 4.2 (Sira-Remirez, 1968b )

If & sliding motion exists on 5(x.8)
then  the tolloving transversality
condition is locelly verified on 5(x.8) :

(as73x]T g(x.8) > 0 {4.5)

Broof.

The solutions of (1 1) (4.2) are locally
detined everywhere on X X T, except on
the surfece S5(x.0) vhere the right hand
side of (4.1) undergoes discontinuities.
Basically, tvo kinds of solutions have
been proposed to describe the resulting

(See Sira-Ramirez, 1988b)

(4978).

discontinuity

(1.1).(4.2) on

notion on 5(x.8) in an ideal menner vhich

neglects switch inertias amd imperfections
duse to perturbations  and modelling
prrors. The first one is due to Filippov
(1964), and the second is due to Utkin
For the linear in the control
case, 'such as (4.1), both approaches are
equivalent. g

Ideally, on 5(x.8), the motions of the
controlled system can be described as it
controlled by a smooth feedback control
function knovn as the gquivalent control.
Such a function is defined from the
folloving invarisnce conditions :

43/8t |gug = O (4.6)

vhere the total time derivative of 3(x.8)

is computed along local solutions of
(¢.1) and satistied for certain smooth
control known as the equiwalemt control.

denoted by ugo(x.0). i.e..

[a8/3x) T £ (x. B)+ugg(x. 6)g(2.8)) +33/90 = 0
.or explicitly :

upq (1.8)%-([ 33/32]Tg(x.8)) "I da/3x] Tt (x.8) -
-([as/ax)Tq(x.0) )~I[as/08)  (4.7) -

From (4.7) and Lemma 4.2 it easily
follows that a necessary condition for the -
existence of a local sliding motion on

5(x.0) is ‘that ugg(x.8) locally exists.'
It is also stuiuhttorurd to show that,

‘ruling cut the trivisl case [ds/3x)Tt(x.8)

= 0 oamd ([38/8x]Tg(x.8) = 0. the
equivalent control, if it exists. . is also
unique (Sira-Remirez., 1988b).

The idesl sliding dynamics is obtained
from using (4¢.7) on (4.1) with the formal

substitution of u by ugp(x.8). This i»

the basis of the Equivalent Control Mehtod
(Utkin, 1978). g

% = {I-g(x.8)[ (3s/92)Tg(x.8))"2(3s7ax)T}
t(x.B)-q(x.G)[(aaldx)Tg(x.B)]'i(aaléﬂ)

(4.8)

Theorea 4.3

A sliding motion locally oxiata on S it
and only if on 3(t) :

-1 < uga(x.0) < 1 (1.10)‘
Proof: See (Sira-Ramirez. 1986b)

Notice furthormore, that it tollows froa
(4.4) and (4.6) that on 5(x.0) one has :



d”dtls-o u=+y¢ dS/dtls.o umugg

< ds/dtl s=0,us-1 (4.11)

DBecause of its similarity with the
tracking condition in Delta Modulstiom
Gystemna (Steele. 1976), the violation ot
this ‘inequality is known as the jalope
everload conditiop.
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Figure 1:  Single-Phase Converter

Variable Structurs Model of

Figure 2 :
: Phase Hodulator

Figure 3. Typical Phase Hodulator
Slading Response



