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Abstract. Control system design of switching power converters and electrical ma-
chines based on the sliding mode approach is presented. The structural similarities
among switching converters and electrical machines are used to show that the same
structure of the controller could be used for plants under consideration. The con-
troller is designed as a cascade structure with inner current loop designed as a
sliding mode system with discontinuous control and outer loop (voltage or mechan-
ical motion) being designed as a discrete-time sliding mode controller.

1 Introduction

The aim of this paper is to present an application of sliding mode control
in switching power converters and electrical drives. Our intention is to show
that, due to the structural similarities, switching power converters and electri-
cal machines could be analysed in the same framework and that the structure
of the control system is the same for both plants. The basis for our approach
is the analysis of switching converters and electrical machines as the set of
energy storage elements with their interconnections dynamically changed by
the operation of the switching matrix [2]. The switching matrix plays the role
of a control element determining the power exchange between energy storing
elements, introducing change in the structure of the system and, thus mak-
ing design in the framework of variable structure systems and sliding mode
control [1] a natural choice. Engineering methods rather than a historical
overview of published results will be presented.

A functional description of switching power converters and electrical ma-
chines is presented in section 2. As a result of this analysis mathematical
description that treats both converters and machines is devised and a for-
mulation of the converters and electrical drive control, in the framework of
VSS is derived. In the third section some results of VSS theory that are used
in this paper are reviewed and the control algorithms common in switching
converters and electrical machines control are discussed. In the same section
design of voltage and power flow control for power converters and design of
the motion control of electrical machines is presented. In the forth section
the design of IM observer is discussed in details. The last section presents
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experimental example of the neural network realisation of the sliding mode
system for induction machine control.

2 Functional description of switching power converters
and electrical machines

The role of the power converter is to modulate electrical power flow between
power sources (Fig. 1). In general power flow can be bi-directional so both
sources may the play role of power generator or power sink (load). The con-
verter should enable that interaction of any input source to any output source
of the power systems. It acts as a link having matrix-like structure. Efficient
modulation of power flow is realised using switch-like elements having zero
voltage drop when conducting and fully blocks current flow when open. Use of
switches as structural elements of a converter offers opportunity to consider
a converter as switching matrix. Disregarding the wide variety of designs in
most switching converters, control of power flow is accomplished by varying
the length of time intervals for which one or more energy storage elements are
connected to or disconnected from the energy sources. Due to the restriction
imposed by Kirchoff’s circuit laws the nature of sources at zhe input and
output sides of the switching matrix must be different (voltage or current
sources)[2].

For purposes of mathematical modelling the operation of a switch may
be described by a two-valued variable w;(t), (i = 1,....,n;k = 1,....,m) ,
having value 0 when the switch is open and value 1 when the switch is closed
with average value 0 < u;,(t) < 1 . If voltage sources are connected to
input side of the switching matrix then restrictions imposed due to Kirchoff’s
circuit laws allow only one switch connecting one of the n input lines to the
k—th (k = 1,...,m) output line can be closed during any time interval, or
mathematically > 7_, u(t) = 1,k = 1,...,m . Allowed connections will be
referred as permissible combinations.

An analogous requirement can be derived if the current source is attached
at the input side of the switching matrix. The operation of the switching
matrix changes the connections among elements of the switching converter
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Fig. 1. Converter as a connection between power sources in a switching matrix
connecting n-dimensional input and m-dimensional output.
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and introduces variation in the dynamical structure of the system. Since the
role of switching matrix is to control power flow, the most natural way to
model the matrix is by introducing a control vector that will represent the
effect of the matrix operation. Let the state of the switches be defined by
the vector sfw = [u11 .. Uik - Unm] Whose elements are two-valued variables
wir(t), (i =1,..n;k = 1,...,m) describing the state of switches in each node
of the switching matrix [3],[4]. The topological connection of the switches
in the switching matrix is defined by the matrix Ajy; with elements being
from the discrete set S3 = {1,0,—1}. The topological connection of the load
with respect to the switching matrix defines the relations of the variables
at the output lines of the switching matrix to the load quantities and could
be defined by matrix Ay. The operation of the switching matrix can be
expressed by vector u = A j;Ss,. Vector u has a number of distinctive values
equal to the number of permissible switch connection.

2.1 Common converters and their operational properties

In Table 1 topological structure of the most common converters having volt-
age or current sources on input or output sides are depicted with transforma-
tion of variables. The simplest matrix - representing DC-to-DC converters -
has only two switches interconnecting two unipolar sources. If unipolar and
bipolar sources are to be interconnected then the switching matrix must have
at least four switches. If one of the sources to be interconnected is three-phase
then the structure has three output or three input lines, depending on the
position of the AC source. These structures are representing three phase in-
verters (DC source at input side) and rectifiers (three phase source at input
side).

The role of energy storing elements (L,C) is to balance power flow be-
tween source and sink by temporarily storage and release of energy [2]. The
dynamics of converters depends on the topological relation of the energy stor-
age elements to the switching matrix. Further analysis will be concentrate on
two generic structures - both with inductance energy transfer. In the first
- so called buck structure - inductance is connected to the output of the
switching matrix, energy flow from the source is pulsating being modulated
by the switching matrix. In the other - so called boost structure - inductance
is connected to the source and the energy flow from the source is continuous
while the switching matrix is modulating discontinuous energy flow to the
output side.

Dynamics of DC-to-DC converters. Buck and boost structures of DC-
to-DC power converters are shown in Table 2 along with their mathematical
models. In the buck structure the dynamical structure of the system remains
the same - an LC filter is connected to the variable source. In the case of
the boost converter the dynamical structure is changed depending on the
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Table 1. Topological structure of the most common switching matrices and their

functional characteristics.
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Table 2. Structures and mathematical models of DC-to-DC converters.

Converter substructure

Converter mathematical model

Buck structure .
dvo L Vo dv
S|| ¥, dt - C RC dto - fv(iL7'U0)
div _ Vg, _ Yo di
Sa1 dt L L d—tL = fi(vo) + b(Vy)u
* U = A]\/Issw
Boost structure
dv, 1L Vo
= Z(1—u)— dv, . .
Si Vo | =c1"" " xe th = fulir,vo) + b1(iL)u
div Vo Yoy _uy | di
Siy i L L = Fi(00, Vy) + ba(vo)u
-f —l_ U = A]\/Issw

switch position having either two isolated power storage elements (L and
C) or a power filter (L,C) connected to the power source. These facts are
reflected in the mathematical description of the converters: buck structures
being represented in regular form [5] (system is split in the blocks so the
first block has the same dimension as control and the second block does not
explicitly depend on control input) (see Fig. 2.a). Boost converter have control
entering both equations as depicted in Fig. 2.b. These features are common
for converters with depicted position of the switching matrix independent on
the number of input and output lines of the switching matrix.
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Fig. 2. Dynamical structure of: a) buck converters and b) boost converters.
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Dynamics of single phase DC-to-AC and AC-to-DC converters. The
dynamics of converters with alternative voltage or current sources connected
to either input or output side of the switching matrix is the same as for
DC-to-DC converters as illustrated in Table 3. The only difference is in the
values that control could take being from discrete set S3 = {—1,0,1} for
these converters and from discrete set S2 = {0, 1} for DC-to-DC converters.
This allows to regard a DC-to-AC converter as a structure in which the load
is connected between two DC-to-DC converters.

Table 3. Structures and mathematical models of single-phase converters.

Converter substructure Converter mathematical model
S.ﬂ i ; ; : v{} dve Z_L Yo
b [Sr _| it ~ C RC
e—— dir, Vq Vo
= u

5 4 dt L L
Sy \ Sa; U= AnSen
dv, i, Vo
a " RC
diL o Vg Vo
dt L L
u = AMssw

Dynamics of three phase converters. The switching matrix for all three
phase converters DC-to-AC (inverters) and AC-to-DC (rectifiers) is the same.
Buck and boost structures for both inverters and rectifiers could easily be
recognised for three phase converters as clearly shown in Table 4. In our
analysis balanced three phase systems is assumed which can be described
in different frames of references: stationary three-phase (a, b, c), orthogonal
two-phase (a, 3) and synchronous frame of references (d,q). Mapping be-

tween these frames of references is defined by matrix AZ‘,’JBC for (a,b,c) to

(o, 8) and for Ai% to (d,q). In Table 4 mathematical models are presented
in a synchronous frame of references with 6, as angular position of the se-
lected orthogonal frame of references. Matrix F(6,) = AiqﬁAZ‘bBC is defining
the nonlinear transformation between three phase (a,b,¢) and synchronous
orthogonal (d,q) frames of references. The (d,q) frame of references is de-
termined in such a way that it is synchronous with the three-phase side of
a converter (input side for rectifiers and output side for inverters). In the
presented models notation is used as follows: v = [voq V4] the capacitance
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voltage vector, 12 = [iLq iL4) inductor current vector and u? = [ug wu,]
is the control vector, V; is amplitude of input voltage, R, L,C - converter
parameters.

The above analysis shows that switching converters can be described as
shown in equations (1)-(3) where for particular converter functions f.(vo,ir),
fi(vo,i1), matrices B (i, Vy), By (i, Vy) and control u could be determined
from the above tables. The DC-to-DC and DC-to-AC single phase convert-
ers are SISO systems while three-phase converters are MIMO systems with
the three dimensional control vector. The relation (3) is shown for the pur-
pose of having complete definition of the control input in the (d, ¢) frame of
references.

Buck structure Boost structure
dv, .
= felvosin) Do = Felvorin) + Bulin, Vy)u
dir, ) . diy, 1
at = fi(vo,ir) + Bu(ir, Vg)u g = fi('Uo,iL) + B, (ir, Vg)u
Usw = AMst =u (2)

F(0,) = AN AL, wag = F(0,)Anisew

abe

cos 0, sin@r]7 Ah [1 “1/2 —1/2 ] 3)

Al = o =
—sin 6, cos 6, e 03/2 —/3/2

afB T

Dynamics of electrical machines. To realise necessary power flow a
switching converter (or at least a switching matrix) must be inserted be-
tween the source and a machine. Since the electrical subsystem of machines
are modelled as predominantly inductive, the voltage source shall be used at
the source side of the switching matrix. Mathematical models of the most
common machines connected to a switching matrix are shown in Table 5.
Mechanical motion is the same for all rotating machines and is described as
a second order system with electromagnetic torque as the input. The elec-
tromagnetic subsystem depends on the magnetic circuitry of the particular
machine and can be described by a simple first order equation for DC ma-
chines, by a second order system for PM machines and by a fourth order
system for induction machines. Descriptions of the electromagnetic subsys-
tem of a machine in Table 5 are presented in (d, ¢) synchronous orthogonal
frame of references with orientation for all of the machines under considera-
tion along the rotor flux vector (so called field orientation). The notation is



Sliding Modes Applications 231

Table 5. Structure and mathematical models of common electrical machines

Dynamics of electromagnetic system

DC machine supplied from DC source

di R. K. V,
T = LT L@t e u=Aus

DC machine supplied from three-phase source

dip _ R, K .V,
d ~ LY L L

ug, u=F(0)AmSsw

iq(machine) = iq(converter),  iq(converter) = iq(machine)(power factor)

PM three-phase machine supplied from DC source

=

L

dig Ry i 0 Ud
ddit _ N L qK + . , u=F(0;)AMSsw
d—tq —Tlq —Wld — FW
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Induction machine supplied from DC source

-did ;
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Dynamics of mechanical subsystem for all machines

do
a | _ w L 0 o
Z_ut; _TL (?],w,t) KT(Zd)

as follows: 6, w angular position and speed of machine, &7 = [, ¥,] is rotor
flux vector; ¢7 = [iq i,] is stator current vector; u? = [ug u,] is the control
vector; Vj is amplitude of input voltage; J is moment of inertia; T7, (6, w, t) is
load torque; Kr(iq) is torque coefficient which depends on the d -component
of stator current; K., K;q, K;q, K¢ are coeflicients depending of the machine
parameters and flux, R, ,R, are rotor and stator resistance, L, ,L, are rotor
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Fig. 3. Dynamical structure of electrical machines: a) DC machines and b) induc-
tion three phase machines.

and stator inductance, L,, mutual inductance, o, leakage factor. For a DC
machine supplied from a three-phase rectifier the selection of the dq frame
is related to supply voltage and is reflected in the change of the d and q
coordinates in comparison with dc machine supplied from the DC source. A
model of a DC machine is given for machines without field winding.

The dynamical structure of a machines is presented in Fig. 3. The differ-
ence among DC and AC machines is in the structure of the switching matrix
and thus the dimensionality of the control input. For an induction machine,
the dynamics of the rotor flux, with currents as input and rotor flux vector as
output, should be added to the structure. A mathematical model similar to
the one describing buck switching power converters could be used to describe
the dynamics of electrical machines [7]

di . .
d;;q = f’i(zvquaw) + Bu(ldquvw)u7
dz . dw .
E = fz(zaqu); E :f¢(!p7za7'dq)~ (4)

The elements of vector z are the angular position and the angular velocity
of the machine. The third equation describing the change of the rotor flux is
present only for the induction machine. The control input for DC machines
supplied through DC-to-DC or single-phase converters is scalar. If the DC
machine is supplied from a three phase source than the control input is the
same as for three phase rectifiers and three phase inverters and it has the
form as given in (5):

Udq = F<9T)AJ\4SS’LU )

cosf, sinf, | [1 —1/2 —1/2
F(6:) = {—sin@r cos@r} {O V3/2 —/3/2 |’ (5)

where 0, is the position of the synchronous frame of reference.
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3 Control of power converters and electrical machines

The goal of the control system design of switching converters, in most of the
practical cases, is reduced to the requirement that the output voltage of the
converter tracks its reference while satisfying certain dynamical constrains
(overshoot, load rejection etc.). The same is true for electrical machines for
which the control goal could be stated as the requirement to have tracking
in the torque, or velocity or angular position. In the following sections the
unified approach to the control of switching converters and electrical machines
based on the introduction of sliding mode in the control system will be shown.
First we will briefly discuss some results in sliding mode design applicable to
switching converters and electrical machines control.

3.1 Some results in sliding mode control

Variable structure systems are originally defined for dynamic systems de-
scribed by ordinary differential equations with a discontinuous right hand
side. In such a system so-called sliding mode motion can result. This motion
is represented by the state trajectories in the sliding mode manifold and high
frequency changes in the control. For sliding mode applications the equa-
tions of motion and the existence conditions are two basic questions to be
discussed. Since models of switching converters and electrical machines are
linear with respect to control further analysis will be restricted to the systems
defined in the following form

z = f(x,t) + B(z,t)u, (6)

where B(x,t) is an n X m matrix, € R"™, u € R™. For such a system
boundary-layer regularisation [1],[9] enables the substantiation of the so-
called equivalent control method. In accordance with this method, in (6)
control should be replaced by the equivalent control, which is the solution
to ¢ = Gf(x,t) + GB(x,t)u.qy = 0, G = {00 /0x}, where 0 =0, 0 € R™
is defining sliding mode manifold while o; = 0 describe the so-called switch-
ing surfaces. For detGB # 0 equivalent control is u., = —(GB)"'Gf, the
sliding mode equation in the manifold o = 0 is

t=(E—-(GB)'G) f, 0=0. (7)
From o = 0, m components &2 € R™ of the state vector & may be found
as a function of the rest (n — m) components &y € R"™™ as s = —og(x1),

oo € R™ and the order of the sliding mode equation (7) may be reduced by
m:

& = f1(x1,—0o(x1)), fLrER"™. (8)

For a system subject to disturbances h(z,t) it has been shown [17] that if
h(x,t) € rangeB the sliding mode motion is independent of the disturbance
h(z,t) [7].
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To derive the sliding mode existence conditions in analytical form the
stability of the projection of the system motion on subspace o

oc=Gf(x,t)+ GB(x,t)u (9)

should be analysed. If GB is an identity matrix system (9) is decomposed on
m first order systems and selecting the control such that signs of each compo-
nent o; and its derivative are opposite the sliding mode motion will occur in
each discontinuity surface. Other procedures and selection of the Lyapunov
functions for VSS are discussed in details in [1]. The most interesting fact
is that the Lyapunov function affirming the convergence to the sliding mode
manifold is finite function of time. It vanishes after the finite time interval tes-
tifying that sliding mode motion arises in a finite time instant. Sliding mode
equations (8) and existence conditions constitute the basis for the variety of
design procedures in VSS. To demonstrate some of the design procedures,
let us write system (6), subject to disturbance Dh = BA, in the so-called
regular form

% = f1(x1,x2),
Zz = fo(x1,22) + Bau + Ba, (10)

where ;1 € R"™™, &3 € R™, fi(x1,x2), and fo(x1,x2) are vectors of
appropriate dimensions and rank By = rankB = m. Assume that the sliding
mode manifold is defined as o = og(x1) + €2 = 0, 0 € R™. Then the
equivalent control is expressed as #e, = —B; N (Gifi(x1,x2) + f1(my, 22))—
A. It depends on disturbance and in most cases its realization is unpractical.
Calculating (u + A) from do/dt = 0 and substituting it to second equations
in (10) then, when the sliding mode appears in this manifold, the system
behaviour is governed by the (n — m) order equation

1 = f1(x1,—0oo(x1)), 2= —0p(x1). (11)

In (11) vector og(x1) could be treated as "virtual control” and should be
selected to satisfy the desired system dynamics. For control input selection
the projection of the system motion on m-dimensional space o is found

o= f((L'l,QZQ,)\) + Bsu, f S Rm,

f(@1,22,A) = G1f1+ foza + BaX. (12)
The discontinuous control u = — By ' Msign(e), M = const. > 0 leads to
O’Z:‘ﬁ(ml,.’llg,)\)*MU“ z:l,,m (13)

There exists large enough M > 0 such that the functions o;, ¢ = 1,...,m
and derivatives ¢; have opposite signs, sliding mode will occur in each of the
discontinuity surfaces.

Discrete time sliding mode was introduced for discrete time plants [11],[13],[15].
The most significant difference with the continuous time sliding mode is that
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motion in the sliding mode manifold may occur in discrete time systems with
continuous right hand side By applying the sample and hold process with
sampling period T, and integrating the solution over interval ¢ € [kT, (k+1)T]
with w(t) = w(kT) and d(t) = d(kT), the discrete time model of plant (6)
may be represented as

Ti+1 = Frxp + Buy, + Pdy, . (14)

The sliding manifold is defined as o, = Gxy, k = 1,2,. In [11] the equivalent
control uy! = u;?(kT) is defined as the solution of

ki1 = ka+1 = GFrx, + GBqu + GPd, =0. (15)
Provided that detGB # 0 the equivalent control can be expressed as
u! = —(GB) 'G(Fyz + Pdy). (16)

It is important to note that matching conditions now are defined in terms of
matrices G, B, P. The required magnitude of control (16) may be large and
limitation should be applied, so the final form of the control is

(17)

yoi _ | ~(GB)'G(Fiay + Pdy), if ux| < U,
k| —U,sign(og), if Jug| >U, ’

where dj, is the estimated disturbance and U, is a control input bound. In an-
other approach for system (6) asymptotic stability of the solution o(x) = 0
can be assured if one can find a control input such that the stability crite-
ria are satisfied for the following Lyapunov function v = 7o /2 with the
requirement that the time derivative (dv/dt) has a certain form, for exam-
ple dv/dt = —aT Do, D > 0, [16]. Then the control input, with sampling
interval T, that satisfy the given requirements is in the form

U = Uk—1 — (GBT)71 ((E + TD)O'k — Uk—l) . (18)

The realisation of control (18) requires information on the sliding functions
and the plant gain matrix, which is much easier to obtain than information
necessary to implement algorithm (17).

Mathematical models of the switching converters and electrical machines
could be presented in regular form (10) with discontinuous control influencing
the change of the currents and currents being treated as ”virtual control” in
the voltage dynamics (for converters) or mechanical motion dynamics (for
machines). The structure of the boost converters is more complicated with
control entering all the equations of the system. Despite the differences in the
dynamical structure the control system design for buck and boost converters
and electrical machines may follow the two-step procedure:

e Select control w such that inductor current (or electromagnetic torque in
electrical machines) tracks its reference;
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e Select the current reference (virtual control) so that capacitance voltage
(or mechanical coordinates) satisfy prescribed dynamical behaviour.

This procedure is not so obvious for the boost structures since control en-
ters both equations. In the framework of sliding mode systems the above
procedure for boost converters requires substitution of the equivalent control
to the first equation and then taking current reference as ”virtual control”
input. In the following sections we will show the consequent application of
the above procedure in details without presenting unnecessary details for
particular converters or machines.

3.2 Control of DC-to-DC converters and DC machines

In this section the control of DC-to-DC converters and DC machines both
having scalar control input is discussed. Control of DC machines supplied
from three-phase sources will be discussed in the section dealing with control
of three-phase converters and AC machines.

Control of DC-to-DC buck converter. Assume the current reference as
continuous function i,/ () then, for the tracking error o = i}/ (t) — iz (t)
and the control selected as v = (1 — signo)/2 the sliding mode exists if the
equivalent control 0 < ueq < 1 is calculated as:

do _ dGy —in) _ dif v Vo4, =0

dt dt dt L L

1 di"®
= Ueq = V(L (/‘Zf
g

+ Vo) . (19)

Substituting the equivalent control to the original equations of the system
one can obtain:

.ref
d'Uo 1y Vo -ref

Dl e i =i (). (20)

From (20) reference current could be selected using well-established design
procedures for linear systems. For example, if the first order response o, =
p(vref — w,) + d(wlef —wv,)/dt = 0 of closed loop system is required, the
reference current could be easily determined as

d ref
iref = sat (% +pC(re! —v,) +C Z’t ) = i = sat(iy, + Cay)(21)

where sat(e) is the saturation function. Structure of system (21) is shown in
Fig. 4. Another structure of the control system may be determined from the
required closed loop dynamics by inserting dv,/dt =i, /C — v,/ RC into the
expression for o, which leads to o, = p(v5¢/ —v,)+dvl¢f /dt+v,/RC—if, /C =
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Fig. 4. Structure of the converter control system.

h 4

(i7Y —i)/C and selecting the control as u = (1 — sign(Ca,))/2 the sliding
mode motion is established in manifold o, = 0 if 0 < u¢q < 1 and the same
result is obtained as in algorithm (21).

The structure in Fig. 4 is suitable for the implementation of different
control algorithms in designing the reference current, thus it leaves more
room for merging other control techniques with the sliding mode. This will
be especially clear in the control of the boost type of power converters.

Control of DC machines. By following the same procedure as for buck con-
verters the DC machine tracking error could be defined as o = i/ (t) —i4(t)
with the control u = (1 — signo)/2 the sliding mode exists if the equivalent
control satisfies —1 < ueq = (L/Vg)(digef/dt—l—R/Liq +K./Lw) < 1. By sub-
stituting u., to the original system the motion of the Dc machine is reduced
to the second order system

do - . dw TL(97w,t) KT(id)

- - = - _ jref 22

at ~ 7 dt T Ty (22)
By requiring the closed loop transient to satisfy oy = Cg(67¢f —0)4-C.,, %:_9)
—|—dg(+:f*6) = 0 determined by the design parameters Cy and C,, the refer-

ence current becomes

(g’ —9)  d*(0 -90) Kr

= ref _ _ ref -
o9 = Cy(0 0)+ C,, a + a2 7 (Zq Zq) )
. T . dorr —g)  d20res
ref _ L ref _
iq sat (K(id) + Cp(6 0) + Co, 7 + 72 . (23)

Note that for Cy = 0, the above dynamics reduces to o, = C,(w"f —
w) + Cy(d(wef — w)/dt) = 0 and defines the desired dynamics for velocity
control. Implementation of control (23) requires information on the machine
load which could be obtained using disturbance observer techniques proposed
by Ohnishi in [18]. Manipulating (23) one can determine a much more simple,
way of calculating reference current

ipel = sat (iq + (24)

%(id)ag) .
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Structure of the control system is the same as the one depicted in Fig. 4.
These results depict earlier shown similarities between buck converters and
electrical machines. The structure of the control is the same, with necessary
changes in measured variables. In [22], [23] the application of the sliding
mode control to DC machine combining the acceleration, the velocity and the
position control is proposed. Proposed algorithm ensures robustness against
parameters and disturbance changes even in the acceleration stage. Design
of the sliding mode control for DC electrical machines based on the reduced
order model (dynamics of the electrical current is neglected) is discussed in
details in [4] and [26].

Control of boost DC-to-DC converter. Assume the current reference
as the continuous function 77/ (¢) then, selecting tracking error o = i}/ (t) —
ir(t) and control u = (1 — signo)/2 the sliding mode exists if equivalent
control (25) satisfies conditions 0 < ueq <1

do d@ —iy)  dif v,

v,
dt dt g Tt = =0

1 [ dive!
@um:—<L%?+%—%>. (25)

By substituting u.q to the original equations of the boost converter one could
determine

Cd(vy)® | 2 vep  LdiiT)?

s a TRV g

where vy, represents the voltage drop on the inductance L. System (26)
may be interpreted as the description of power conservation in the circuit
(C/2)d(v,)2/dt + viit™ = V,i"" — (v2/R) . From the control point of
view it could be regarded as a linear first order system with the square
of the output voltage v2 as output and reference inductor current as con-
trol. With such definition of variables the mathematical description reduces
to the first order system nonlinear with respect to the control. For DC-to-
DC converters the change of energy stored in inductance could be neglected
(average vy, = 0) and the system reduces to the first order linear system
(C/2)d(vo)?/dt + (v2/R) = V,i’* and selection of the reference current may
follow the same procedure as for buck converters [3],[17]. Another often ap-
plied solution is the feed-forward calculation of the reference current from
the reference voltage [26].

=V, —op)iy, ip =i, (26)

3.3 Control of three phase converters and three phase machines

Three phase converters and electrical machines structurally differ from their
DC counterparts in the number of energy storage elements and in the struc-
ture of the switching matrix. The dynamical structure of the systems remains
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the same as for their DC counterparts except that the there-phase are MIMO
systems. That allows conduct design of the control in the same two-step pro-
cedure as applied for dc systems.

Current control in three phase systems. For modelling and control
design purposes the three phase switching matrix has been defined by the
three-dimensional control vector u = A8, . Vector s, has six elements
but due to electric circuits constraints for buck inverter and boost rectifier,
vector Ss,, may have the following values S; =[100011], So =[110001],
S3=[010101], S4=[011100], Ss=1[001110], S¢ =[101010],
S7;=[111000], Sg =[000111]; for boost inverter and buck rectifier
vector sg,, may have the following values S; =[100001], So =[001001],
S3=10011000],S4,=1[010010], S5 =[000110], S¢=[100100],
S7;=[110000], Ss=[001100], Sg=[000011].

For inverters and rectifiers the number of independent control inputs is
three. As depicted in Fig. 5 for three-phase inverters the number of inde-
pendent variables to be controlled is two: for inverters these are the d and
q components of output voltage, for AC machines they are the same as the
components of supply voltage. For inverters and machines supplied from DC
sources there is no variable to be controlled on the input side. For three-phase
rectifiers the output is the DC source and thus only one independent variable
(output current or voltage) is to be controlled. On the input side of the rec-
tifier, the magnitude of voltage or current are defined thus only phase shift
between the voltage and the current vector could be controlled. This allows
introduction of an additional requirement to the control system design. The

THEEE PHASE MAHINES INVERTERS
PUT SWITCHING QUTPUT PUT SWITCHING QUTPUT
— | MATRIX — | MATRIX
3dof 3dof
DC=0dof AC=2dof DC=0dof AC=2dof
Vg =const % Vg =const %
| 1.d | 1.d
- a6 . a6
x=variahle x=variahle
DC MACHINES EECTIFIEES
NPUT SWITCHING OUTPUT NPUT SWITCHING OUTPUT
— | MATRIX — | MATRIX
3dof 3dof
AC=1dof DC=1dof AC=1dof DC=1dof
v v
& | =varisble £ | =varisble
g L g i
& =variahle & =variahle

Fig. 5. The assignment of the degrees of freedom in control for three-phase switch-
ing matrix.



240 Asif Sabanovié et al.

most natural choice is to relate this additional requirement to the selection
of the switching pattern.

Let us now look at design of the switching pattern for the three phase
converters in more details. Current control is based on the sliding mode ex-
istence in the manifold o7 = [i"¢/(t) — i]T = 0 where vector o = [0 0,]7
with o4 = i (t) — iq, 04 = iref (t) — iq and i ire/ are continuous func-
tions to be determined later. Design of the current controller is based on the
system description (4) diqq/dt = fidq + BudgWdg Where matrix B qq is diag-
onal. The structure of function f;q, and matrix B,q, could be easily found
from mathematical models given in Tables 4 and 5. The time derivative of

ol =04 0,7 is determined as
.ref . .ref
do di, dig di,
ar = dtq - d—tq = dtq Jidg — BudqWdg: ugq = [ud ug] - (27)
Equivalent control can be calculated as B;jq[ding Jdt — fidg) = Ueq and
equation (27) is expressed as
dadq .
T Byag[teq — uaq(S:)], i=1,...,9. (28)

Control vectors could take values from the discrete set Sg = {S1, S2,S3, S4,
S'5,S6,S7,Ss,S9} as depicted in Fig. 6.a. All realizable values of the equiv-
alent control lie inside the hexagon spaned by the elements of the set Sg[7].
The rate of change of error is proportional to the differences between the
vector of equivalent control and the realisable control vectors. For a partic-
ular combination of errors all permissible vectors S; that satisfy the sliding
mode existence conditions could be determined from (doy/dt)oq < 0 and
(dog/dt) o4 < 0 or sign(ueq — Uqq(S;)) = —sign(oqq) as shown in Fig. 6.b.
For some combinations of errors there are more than one permissible vector

q q
5,
S
ey S,
7 28 d
Sy s,
Ss
{a) Permissible control {(b) Rate of change of switching function vectors

Fig. 6. Control vectors and selection of permissible control for given combination
of the signs of control errors.
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that leads to an ambiguous selection of the control and consequently existence
of more than one solution for the selection of switching pattern .

The same could be concluded from rankF(6,) = rank(AiqﬁAjfc) = 2.
Ambiguity in selection of the control vector based on selected uq and uq
allows us to have a number of different PWM algorithms based on satisfying
sliding mode conditions in (d, q) frame of references. In early works [7] the
following solution was proposed: add an additional requirement ¥(¢) = 0 to

the control system specification so that (27) is augmented to have the form

do‘dq d,,:ref . )
[ %_3 ] = |: dt ‘fﬁ .fqu:| _ [Budqbg(er)} U(Si), (29)
t
d;’tN — fN - BNU(SZ)7 uT(Sz) S [ua Up uc] . (30)

Vector by should be selected so that rank By = 3. the simplest solution is for
D(t) = g + up + e [7],[26] then matrix By will have full rank. To determine
the switching pattern, the simplest way is to use the nonlinear transformation
o= B&lo' ~, then the sliding mode conditions are satisfied if the control is
selected as

sign (UJ(SZ)) = 7Sign(osj)7 1< e <1. (31)

This line of reasoning with some variations has been the most popular in
designing the sliding mode based switching pattern [4],[7].

Another solution implicitly applied in most of the so-called space vector
PWM algorithms is based on the simple idea [5] using transformation

d
Ugpe = rank(Aa%AZfC)Tudq

to the (a, b, ¢) reference frame. Then components u,, up and u. of 4 = A ;S
are selected according to the following rule

sign(u,(S;)) = sign(ugcosd, — uysing,.)
S; = ¢ sign(up(S;)) = sign(ugcos(6, — 27/3) — ugsin(f, — 27/3))
sign(up(S;)) = sign(ugcos(8, — 47/3) — ugsin(6, — 47/3))

i=(1,2,..,8,9) . (32)

This idea is analysed in details in [7]. Further simplification of this algorithm
leads to its implementation using a look-up table [19].In [24] and [25] the so-
called space vector PWM based on the sliding mode approach is discussed.
The solution is based on the expression (32) but it is realized using space
sectors.

In the application of above algorithms switching is realized using hystere-
sis which, as follows from (28) directly determine the current ripple to be
equal to the half of the hysteresis width. For the given current ripple (con-
stant hysteresis width) the time between two switching for each component
is directly proportional to [teq; — Uagj], (j = d,q), (1 = 1,...9). A new class
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of the switching algorithms based on the simple requirement that control
should be selected to give the minimum rate of change of control error could
be designed for which the same error will be achieved with less switching
effort. The algorithm can be formulated in the following form [3]

min || weq(t) — u;(Si) ||
S; = < sign ([uega — ua(S;)] @ oq(t)) = -1, i=(1,2,...,8,9). (33)
sign ([teqq — uq(Si)] @ 0g(t)) = —1

The difference in behaviour for algorithm (32) and (33) is depicted in Fig. 7,
where the steady state operation of buck inverter current control is shown.
The operating point for both algorithms is the same and the width of hys-
teresis is also kept the same. The difference in the switching frequency of the
voltage is easily detectable.

All of the above algorithms naturally include so-called over-modulation
functionality. This can be seen in the diagrams depicted in Fig. 8. For al-
gorithm (33) behaviour of an induction machine (P=4kVA, p=2, U=220 V)
current control loop is depicted. («,3) currents and control are shown in
Fig. 8.a. for a loaded machine and wref=50p [rad/s]. Note that switching
is regular between the two closest vectors and zero vector. In Fig. 8.b. the
current vector is depicted for w"®f = 957 [rad/s]. For this condition the slid-
ing mode existence conditions are violated in certain regions of the plane.
In Fig. 8.c. the current vector is depicted for w"™/ = 1007 [rad/s]. For this
condition the sliding mode existence conditions cannot be satisfied and the
system operates under a six-step mode.

Due to the specifics of three-phase balanced systems the number of inde-
pendent controls for the switching matrix is higher than the dimension of the
controlled current vector This is the basic reason that three-phase PWM, un-
der many different names, is still attractive as a research topic. The solution
proposed in [15] shows that the formalization of the minimization of TDF in

i a) current and control veetors for woi=50n [rad’s] and rated load torque;
e P
|ﬁl‘ﬂ"lﬂﬂll'lf 0L LT T ml = N\
as | & : ot | \ b —
o | wb \ e i
.03 0.036 0.042 0.048 0.054 0.06 | R i A
time  [s] past - |
i
Flg' 7. The Steady state operation b) current vector w' -95n [rad/s] €) current vector w'=100x [rad/s]

of buck inverter current control for
switching algorithms (32) - lower Fig. 8. Change of the current and control
trace and (33) - upper trace. vectors in (a, 8) frame of references.
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the above framework has lead to a solution that is far better in comparison
with other so-called space vector approaches [16].

In the sliding mode dynamics of current the control loop is reduced to
ol = [irel (t)—i]T = 0 or i/ () = iq and ir®! (t) = iy with equivalent control
being determined as B;dlq [di"ef Jdt — fidq] = Ueq. In order to complete the
design of converters and electrical machines the reference currents shall be
determined.

Voltage and mechanical motion control system design. For buck con-
verters and electrical machines with reference currents interpreted as virtual
control inputs the description could be easily transformed to the following
form

dx .
b= 1a(@)+ Bi@)i (34)
where vector 7 = [z1 x5] represent either the vector of output voltage (for

converters) or the vector with velocity and position (for electrical machines).

For the buck inverter both components of the reference current could be
determined from the specification of the voltage loop, but for buck rectifiers
only the d-component of the source current can be determined from the
voltage loop specification. The g-component of the source current does not
influence the output voltage and thus represent current circulating between
supply sources and creating reactive power flow from sources. The same is
directly applicable for a DC machine supplied by the three-phase rectifier.

Since all machines have the same structure of mechanical subsystem the
results obtained for DC machines may be directly applicable to AC machines
thus giving a way of determining one component of the current vector. The
other component of the current vector should be determined from the require-
ment of the magnetic circuits of the machine and is specific for each type of
the machine. For PM and induction three-phase machines the d-component
of the current defines the rotor flux so it should be selected taking rotor flux
behavior into consideration.

The requirements for converters and machines are presented in Table 6.
the selection of the components of the switching function vector is given along
with the expression for the reference current calculation. The reference cur-
rent is selected following the discrete time sliding mode control design and for
all systems under consideration it is i}/ = i}, — (GBT) " ((E+TD)o}, —
ok-1); G = {00 /0x} where T is the sampling interval. The realisation of
this control algorithm requires information on the sliding functions and the
plant gain matrix.

Consider the three-phase boost rectifier connected as a controllable cur-
rent source as shown in Fig. 9. Its role is to generate current flow so that
the energy source is loaded by active power or the reactive power of source
is zero Qs = 0 which gives i’;;f = 0. The d-component reference current
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Table 6. The selection of desired dynamics and control vector

Type Function o Reference currents
Buck oq = v —w,
rectifier 0q = e —igaw usually ipoh =0

B dA _gref
Dc machine 7a = CoAD + dt ’ A6 =6 0

_ .ref . ref
Oq = lgqy — fgav usually iggy, =0

. ref _ -ref GBT —1
Buck oq4 = v;';f — Vod vk iy — )
inverter o — o ( (E4+TD)oy — ok-1);
q — Yoq oq
G = {00 /0x}
PM o4 = zZZ{j — idav usually Z;Z{; = i;zf - [igef igef]T
synchronous dAD o .
machine 0q = Cold + ——; Af = 07" — 9| oy =loa o4
Inducti 01 = 04(0,¢") = Ag;
nduction re
machine Ap=4¢ - ¢
dAf
0q = CoA0 + = =5 A= 0" — o
Boost o = 1 (W5 = (v,)%)
rectifier

_ ref . .ref __
0q = lggy — fgav usually igg, =0

shall be determined from the capacitance voltage. It is easy to show that
(C/2) (dv2,/dt) +v2,/R = Vyit' —vpi’® which is the same as for the DC-
to-DC boost converter and all comments regarding the DC-to-DC boost con-
verter control are applicable.

The structure of the power converters and electrical machines system can
be presented as in Fig. 10. where the current control loop operates in sliding
mode with discontinuous control. The structure is the same as one shown
in Fig. 4. with additional details on the outer loop controller. The selected
structure is only one of the several possible solutions, other structures may
be derived by applying some other design procedures many of which are
developed in the framework of motion control systems. By doing so, essential
features of the sliding mode are preserved by current loop design.
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Application of the above algorithms requires information on currents and
voltages for converters and mechanical coordinates for electrical machines.
Usually measurement of electrical quantities is not considered demanding
so realization of the control algorithms in the case of switching converters
does not represent any problem. This may not be true for AC electrical
machines and especially for the induction machine. For these machines the
synchronous frame of references is determined by the rotor flux vector, which
is not accessible for measurement and should be derived using observer. Since
induction machine is a nonlinear system the observer design may not be so
straight forward a task. In the section 4 of this paper we will be discussing the
sliding mode based observers of induction machine rotor flux and velocity.

4 Induction machine observer

Design of a IM sensorless drives is still a challenge. The basic problem is speed
estimation especially at the low speed range and under light load conditions.
In this section the VSS approach to rotor flux and speed estimation of an
induction machine will be discussed.

The description of the machine in the (o, 3) frame of references is

v, R, L Be
L=-B W, +—"4i; B,= |5 7|, (35)
dt L, lw -

di 1 (Ln R,.L,, . .
= _B’r‘!p’l“ S - sbs S .
dt aLS(LT( T z) Rot +"’) (36)
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Formally it is possible to design a stator current observer based on voltage
and current measurements and with a rotor flux vector derivative as the
control input:

di, 1 ([ Ly
L,

dt oL, uy — Rgis + us> . (37)

This selection of the observer control input is different from the usually used
current error feedback (well known Gopinath’s method), application of slid-
ing mode control based on current feedback [17], or selecting the unknown
velocity as the control input [18],[4],[26].

The estimation error is determined as

ddeti = d(“d;zé) = Uis (% ((*Br!pr + RZLTmis) +'U,¢) - RSE'L')

(38)

If the sliding mode exists then from de;/dt = 0, and €; = 0. Under the
assumption that the angular velocity is known, from (38) one can find

- R.L,, .
Wr = Br_1 (ulpeq - I ’LS) . (39)

In the observer design suitable for the sensorless drive, the observer control
input should be a known function of the motor speed so that, after establish-
ing sliding mode in current tracking loop, the speed can be determined as a
unique solution. This leads to the following selection of the structure of the
stator current observer

di 1 (L, R,Ly, - R
_ _ _ 4
dt O-LS ( LT ( 'U,(z) + LT zs) Rsls + us) ( O)

and the estimation error becomes:

de;  d(is—is) 1 (Lm

dt dt  oLs \ L,

2
(—B, ¥, +uy) — (Rs + %> e,») (41)
Algorithm (18) could be used to calculate the control ugr = ugr—1 +
+(oLsL, /L, T)((1 + pT)eir — €ig—1) with &; = [g4 €ig]. From de;/dt = 0
the equivalent control is determined as ugeq = B,¥,. The rotor flux observer
could be selected as having the same structure as (35) with the additional
convergence term f whose structure will be explained later

av, L Belm
a T

is+ f . (42)

Now flux estimation error can be calculated as:

qu/ d(QT — WAT) RTLm .
—=——*=-B,.¥,+uys+ - I 4
dt dt T ¢ L, b f (43)
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To ensure convergence f could be selected in the following form:

f=kéy, (44)
where
(eva| _ [T —85) [1] |, _ Abed+Abw AR D—Abd,
Ewp Vs W, | |n]’ w4z 2 +32
and
o . .
o] L[] fue], -
L Tr || v, ||2 Y, Lpﬁ Ugps
[ AW O'mLer !ﬁa —L[A/ﬁ difi
~ —_— — A ~ ’l — . 4
_A%-] LT [wg ¥, ] (”6 + dt) (46)

If the sliding mode in the current control loop (41) exists and both A& =
0 and Az, = 0, then 4 = 0 and n = 0 and consequently ég = 0. The
convergence of the observer is easier to analyse by projecting errors in the
(d, q) frame of references as given by (47)

BRIl @
eq Wﬁ Wa E‘Pﬁ ’
After some algebra one can find
deg -k Te+w]||e
t - _ e d 12
][] ] 5] @

The design parameter k could be selected from (48) so that the estimated
rotor flux tends to its real value. T, denotes the electromagnetic torque of
the machine.

5 Neural network application in sliding mode systems

As an example of the application of the above ideas in this section a neu-
ral network controller for the induction machine will be discussed [21]. The
procedure below is valid for all converters and electrical machines since all of
them could be presented in the form (34). The structure of the system with
a neural network controller is depicted in Fig. 11. For system (34) and the
sliding mode manifold selected as given in Table 6. The equivalent control
could be determined as i[¢ = —(GB;) "' (G f). In the system of Fig. 11 the
neural network is used to determine the unknown part of equivalent control
in the system. The control input could be expressed as

'/ = —(GB,)"(GN(a,1)) - (GB,) ' Do, (49)
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=  Frrorcale, }

s+ Dss
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T N . Feedback

controller

Fig. 11. The structure of the control system.

where GN (z,t) is the output of the neural network. This control input gives
the time derivative of the Lyapunov function candidate V = o7 /2 as [20]

av d
6T — 6T (G(f, — N(z,1))) — o' Do . (50)
dt dt

The stability conditions will be satisfied if | 6T G(f, — N(z,t)) |<||
0T Do || holds, in other words if neural network is trained to make zero
the error function Z = G(f(z,t) — N(zx,t)) = Do + &. This means that
the neural network approximation error could be calculated from the sliding
mode function. An obvious selection of the role of the neural network is to
minimise

1 1

Ir= 5ZTZ: 5(D¢7+¢'7)T(Da+¢'r) (51)
thus to assure mapping GNN — G f. An important feature of the developed
scheme is that the approximation error is available on-line. It is important to
notice that the feedback controller assures the stability of the overall system.
Assume neural network model

k
yi = gf Zwﬁjaé» + bi , gﬁ(netﬁ) = tanh(neté) = ﬁ _
j=1
where aé is the j-th input of the I-th layer, y! is the output of the i-th neuron
in the [-th layer, wfj is the weight connecting the j-th input and the i-th
neuron in the /-th layer and bé is the bias of the i-th neuron in the I-th layer
of the neural network. Learning proceeds using a gradient descent where 7
denotes the learning rate Awﬁj =-noE/ 8wﬁj. For the output layer, denoted
by L, the following equations can be used:

or

571 = Gl = N@) (). (52

Awf; = ngm(Do +6)g'(af )y - (53)
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Fig. 12. Experimental system. Fig. 13. The structure of the neural network.
2o bommry 1o revm Il”.u-,_: o "\-Illl.l:l" i N meaw ooy - S
. % \ 1.
e i rﬁ.r - i & P
4 [ ! - ' [ ¥
e .- o IR
v r N . T — ﬁi Ilull ",I e g1 (N} I_'_,I\. | I|,'[ 1! tvk Ij'- - ll
. i { L T Y ol
) bt W 1 f I
' - o " somroon S vae s -t
s L2 L i""' B hiirs - Pacltion r, rad AT 1A 108
—® Al A7 =100 P Pacithom ¢rvor il 00004« 1080

Fig. 14. Desired values of position, ve- Fig.15. Experimental results for per-
locity and acceleration. forming task presented in Fig. 14.

For the hidden layer a back-propagation learning algorithm as is used with
Awéj =n 5; yé..

The mechanism featured in Fig. 12 was used in the experiment [21]. A
hammer, mounted on the axis of the induction motor was used and a mass -
spring - damper load was added to show effects of coupling. The two layered
neural network used as an on-line estimator is featured in Fig. 13. ¢4 is the
desired position and wy is the desired velocity of the system. The system
task was to learn to perform the operation, described in Fig. 14. Movement
is performed using the so-called sin? shaped acceleration. The results are
depicted in Fig. 15, and good tracking performance is obtained.

6 Conclusions

A unified approach to control system design for switching converters and
electrical machines is discussed. It has been shown that, due to the struc-
tural similarities, switching power converters and electrical machines could
be analysed in the same framework and the control system structure is the
same for both classes of the plant. The switching matrix plays the role of a
control element, introducing change in the structure of the system and, thus
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making design in the framework of variable structure systems and sliding
mode control a natural choice. Engineering methods rather than historical
overview of published results is presented. As an example of the possibility of
combining neural networks and VSS approaches the induction machine neu-
ral network controller is discussed. Due to the appropriate selection of the
system’s error the learning procedure has been determined so that it does not
require any measurements except those needed for the sliding mode function
calculation. This error signal has been used for the gradient descent algo-
rithm. Theoretical results have been confirmed by experiments on IM loaded
with a nonlinear load.

References

1. Utkin, V. 1.,(1992) Sliding modes in control and optimization, Springer-Verlag.

Wood, P., (1981) Switching Power Converters, Van Nostrand Reinholh.

3. Sabanovié, N., Ohnishi, K. and Sabanovié¢, A., (1992) ”Sliding Modes Control
of Three Phase Switching Converters,” Proc of IECON’92 Conference, 319-325,
San Diego, USA.

4. Utkin, V. I, (1993) ”Sliding Mode Control Design Principles and Applications
to Electric Drives”, IEEE Tran. Ind. Electr. Vol. 40, No.1, 421-434.

5. Luk’yanov, A.G. and Utkin, V. L., (1991) "Methods of reducing equations of
dynamic systems to a regular form,” Aut. Remote Control, Vol. 42, No.12,
413-420.

6. Sabanovié, A., Izosimov, D.B., (1981) ” Application of sliding mode to induction
motor control,” IEEE Trans. Ind. Aut. Vol. TA 17 No.1, 41-49.

7. Drazenovic B., (1969) ”The invariance conditions in variable structure sys-
tems”, Automatica, Vol.5, 287-295, Pergamon Press.

8. Drakunov, S. V. and Utkin, V. L., (1989) ”On discrete-time sliding modes”,
Proc. of Nonlinear control system design Conf., 273-278, Capri, Italy.

9. Furuta K., (1990) ”Sliding mode control of a discrete system”, System and
Control letters, Vol. 14, No. 2, 145-152.

10. Utkin, V.I., (1993) ”Sliding Mode Control in Discrete Time and Difference Sys-
tems”, Variable Structure and Lyapunov Control, Ed. by Zinober A.S., Springer
Verlag, London.

11. Sabanovié, A., (1992) ”Sliding modes in motion control systems”, Proc. of 2™d
IEEE Intl. Workshop on advanced motion control, 150-156, Nagoya, Japan.

12. Venkataramana, R., Sabanovic, A. and Cuk, S., (1985) ” Sliding Mode Control
of DC-to-DC Converters,” Proc. of IECON’85, San Francisco, USA.

13. Ohnishi, K. and Murakami, T., (1989) ” Application of Advanced Control Tech-
niques in Electrical Drives”, Proc. of IEEE Conf. on Microcomputer Control of
Electric Drives, Trieste, Italy.

14. Sabanovié, N., Sabanovié, A. and Ninomiya, T., (1994) "PWM in Three-Phase
Switching Converters - Sliding Mode Solution”, Power Electronics Specialist
Conference PESC’94, Taipei, Taiwan.

15. Chen, Y., Fujikawa, K., Kobayashi, H., Ohnishi, K. and Sabanovic, A., (1997)
”Direct Instantaneous Distorsion Minimization Control for Three Phase Con-
verter,” Tran. IEEJ, Vol. 117-D, No. 7, (in Japanese).

N





