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Today the three-level voltage-source inverters (3LVSI) are active used in the AC drive thanks to their merits as
output signal quality improvements and a lower common mode voltage for semiconductor switches. However, their
increased control complexity is the main barrier on the way to their extensive use. The cause is from one side a non-
linear feature of control plant that is a series coupling of two non-linear objects: a switched converter and AC motor,
and from another one a big set of 3LVSI output voltages. The sliding mode control (SMC) is one of the possible
control solutions that gives the possibilities to design AC drive with the high dynamic feature in combination with
robustness against disturbances and plant parameter variations. SMC does feasible overcoming one of the main
problems of 3LVSI, namely the lower-frequency voltage oscillations that appear in the input DC-line voltage after
the rectification of the industrial three-phase voltage and in the neutral point under some operating conditions. SMC
based on the two-step control design procedure that takes into account the operation features of 3LVSI is designed.
The original control algorithm includes a choice condition for 3LVSI input DC-line voltage and a switch table for
the 3LVSI semiconductor switches. In its frame a choice condition for the input DC-line voltage based on the
boundary conditions of both voltage oscillations is obtained. The performance of the considered control structure
has been examined by simulation.
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Uklanjanje utjecaja oscilacija napona u trorazinskom ucinskom pretvaracu s naponskim ulazom prim-
jenom kliznog nacina upravljanja. Danas se za upravljanje izmjeni¢nim elektromotornim pogonima koriste tro-
razinski ucinski pretvaraci s naponskim ulazom, zbog njihovih svojstava kao $to su poboljSanje harmonijskog sas-
tava izlaznog napona i manje naponsko opterecenje ucinskih sklopki pretvaraca. Glavna prepreka Siroj uporabi
trorazinskih ucinskih pretvaraca su sloZeni zahtjevi na upravljanje koji proizlaze iz nelinearnosti sustava koji je ser-
ijski spoj uc¢inskog pretvaraca i izmjenicnog stroja, te iz velikog broja stanja izlaznog napona trorazinskog ucinskog
pretvaraca s naponskim ulazom. Klizni nacin rada je jedno od mogucih rjesenja za upravljanje koje daje mogucénost
projektiranja izmjeni¢nog elektromotornog pogona s izvrsnim dinamickim svojstvima i robusnos¢u na promjene
parametara sustava. Klizni nacin upravljanja uspjesno rjeSava glavni problem trorazinskih ucinskih pretvaraca s
naponskim ulazom — niskofrekvencijsku valovitost ulaznog istosmjernog napona dobivenog ispravljanjem industri-
jskog trofaznog izmjeni¢nog napona. Projektiran je klizni nacin upravljanja koji uzima u obzir svojstva trorazinskog
ucinskog pretvaraca s naponskim ulazom. Izvorni upravljacki algoritam obuhvaca izbor uvjeta za ulazni istosmjerni
napon trorazinskog u¢inskog pretvaraca s naponskim ulazom i tablicu sklopnih stanja ucinskih sklopki trorazinskog
ucinskog pretvaraca s naponskim ulazom. PonaSanje predloZene upravljacke strukture ispitano je simulacijski.

Kljucne rijeci: asinkroni elektromotorni pogon, trorazinski ucinski pretvara¢ s naponskim ulazom, klizni nacin
rada, valovitost napona

ers (3LVSI) equipped by power semiconductor switches

converters, compared with conventional [1,2].

two level ones, offer additional benefits such as output sig-
nal quality improvements and a lower common mode volt-
age for semiconductor switches. These advantages made
them very successful in the past decade, applied to the high
and medium voltage drive field, and, especially, the neu-
tral point (NP) clamped three-level voltage-source invert-
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Despite all their advantages, these converters are not
widely used, and the main reason is their increased con-
trol complexity. It connects with the set of the variable
structures of 3LVSI that depend on the position combina-
tion of the switches. The alternating current (AC) drive
is a non-linear control plant having a series coupling of
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two non-linear objects, which are different by nature, i.e. a
switched converter and AC motor [3]. There are different
machine models depending on the reference frame and the
space variables. As a consequence, a large number of the
control methods have been proposed, but nearly all these
techniques have in common the decomposition of the main
high-order task of the drive control design to several sepa-
rated lower-order tasks. One of them is the 3LVSI control
design, solved by using different types of PWM [1,2]. As
all feed forward controls this one is sensitive to control pa-
rameters changes and plant disturbances, such as a DC-link
voltage change. In addition, a NP voltage oscillation can
appear under some operating conditions. A great deal of
research has been focused on this field [4].

From another side the switching nature of 3LVSI opens
the possibility to use the principal operational mode for
this class of control systems — sliding mode control (SMC)
— to solve the control task. It is well known that one of
the main advantages of SMC is the control system robust-
ness against disturbances and plant parameter variations by
a very high dynamic and accuracy. Many different con-
trol solutions for the drives with classical two-level volt-
age source inverter based on SMC were proposed [5-11].
SMC strategy for induction motor (IM) drive with 3LVSI
is proposed in [12]. The control design is based on a two-
step control design procedure. The nonlinearities of IM
and 3LVSI are taken separately into account in this ap-
proach. The control algorithm designed originally includes
a choice condition for the 3LVSI DC-link voltage and a
switch table for the 3LVSI semiconductor switches, which
connects the switch controls with the signs of the control
variables errors according to the AC motor angle position.

The primary aim of this paper is to show that in the
frame of the above-mentioned SMC algorithm the robust-
ness against DC-link voltage change and NP voltage oscil-
lation could be guaranteed. The paper is outlined as fol-
lows. At the beginning (Section 2) briefly the employed
models of IM and 3LVSI are presented und discussed.
Then (Section 3) the SMC design on the base of the two-
steps technique for the control synthesis is presented. Its
three subsections describe the selection of the SMC func-
tions, the classical SMC design in the stator-flux-rotating
frame and the designed control transformation into the
3LVSI switch controls. As design result the SMC algo-
rithms are obtained. In Section 4 the proposed SMC algo-
rithm is investigated from the viewpoint of the robustness
guarantee against a DC-link voltage change and a NP volt-
age oscillation and a choice condition for the input DC-line
voltage is obtained. Section 5 presents the results of the
numerical simulation examination that illustrate the prop-
erties of the suggested SMC. Section 6 concludes the pa-
per. The appendix contains a brief introduction into SMC
design backgrounds.
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2 USED MATHEMATIC MODELS

As known [13] the drive is an electromechanical con-
verter that transforms the input electrical power in the out-
put mechanical one. From the power viewpoint it has two
parts: a power transformer and a control. The power part
has a serious coupling of two non-linear objects: 3LVSI
and IM. Its inputs are the controls of the 3LVSI switches
and its output is the mechanical coordinate of IM, e.g. ro-
tor angle position or speed or electromagnetic torque. The
transformation of the electrical power in the mechanical
one directly results in IM. However in the frame of the
power part 3LVSI controls this process, as it controls the
IM phase voltages. The control controls the power part
and realizes the needed power transformation algorithm,
e.g. the needed mechanical coordinate control. The con-
trol structure depends on the structure of the power part and
its possible controls. Below from the control viewpoint the
used mathematical descriptions are presented that are used
by the control design.

2.1 Three level voltage source inverter

As shown in Fig. 1 the topology feature of the NP
clamped 3LVSl s a capacitor voltage divider that produces
a NP potential (M) [14]. There are three input potentials
here: the positive (L+) one and the negative (L-) one of the
dc-link voltage V. and the middle potential between pos-
itive and negative potential (M). For the proper operation
of 3LVSI, the NP voltage must be kept at one half of the
DC-link voltage(ve, = ve, = Vie/2). Under such condi-
tion the output voltage space vector can have 19 different
values by using all possible position combinations of the
three-position semiconductor switches (S1, S2, S3). They
are presented in Fig. 2 near the vector positions, where
“+”means it is connected with L+; “-“ with L-; and “0”,
with M. There are four vector groups:

1. six full-voltage space vectors (A) with magnitude

Vie .
Ba = 24

2. six intermediate-voltage space vectors (Z) with mag-
V3Vie .
3

’

nitude By =

3. six half-voltage space vectors (H) with magnitude
By = V:‘;fc . Each one is achieved by two switch com-
binations (there is a redundancy, used commonly to
balance the middle potential);

4. the zero-voltage vector (N) that has three possible
switch combinations.

2.2 Induction motor

This is one of the classic models of a symmetrical bal-
anced squirrel-cage IM that has been written in the sta-
tionary reference frame («, [3) and with rotor quantities
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Fig. 1. Canonical schema of the drive power part with the NP-clamped 3LVSI

Fig. 2. 3LVSI voltage space-vector diagram

referred to stator [13]:

d(w/p)/dt = (T —T1)/J, (1a)

dVso/dt = —Rgisa + Usa, (1b)

d,5/dt = —Ryiss + sp, (1c)

iva/dt = [RrWon /(L. L) + wWus/L] Jo= 0
—wisg — Yisa/Ls + Usa/Ls,

disp/dt = [RyUsp/(Lalr) + w¥sa/La] Jot )

+wiso — Yisg/Ls + usg/Ls.
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Here w is the electrical velocity; J is the inertia and 7" is
the electromagnetic torque.

T = p(qle(ﬂsﬁ - \Ilsﬁisa)7 (2)

Ty, is the load torque; U1 = (g, Uyg) is the stator
flux vector; il = (isa,isp) is the stator current vec-
tor; ul = (Usa, usg) is the stator voltage vector; R and
L denote resistance and self inductance, subscripts s and
r stand for stator and rotor; p is the pole pair number;
o =1-L2/(LsL,), with L,, being the mutual induc-
tance; v = % — R,.

r

The stator current 7, and voltage us vectors are con-
nected to the phase current I7 = (i, p,4.) and voltage
U = (uq, up, u.) ones using the transformation

Zbs = CIsv Us = CU87 (3)

where C is the transformation matrix,

-1/2  —1/2 ‘ @

=VIBy G i

3 SLIDING MODE CONTROL DESIGN

3.1 Sliding mode functions selection

The main goal of the IM drive control is satisfied, if the
average value of the mechanical output variable (e.g. a ro-
tor speed or a position) will equal the set value, which has
subscript z. In the case of the shown in Fig. 3 cascade con-
trol [13] this task is reduced to the task of maintaining the
target torque 7 at the shaft of the motor. As the number of
the independent controls is equal to the order of the control
space, in the case of IM drive the voltage plane, and higher
as one, it is first of all possible to control two variables: not
only one mechanical variable, but another variable which
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Fig. 3. Classical cascade control schema

describes electrical or power requirements of the IM. Usu-
ally the stator-flux modulus

RAERVAGAE R )

is chosen. So, for the control design the error function F'
must be formed dimension of which is equal to the control
dimension and the components representing the functions
of control error that must be zero:

NN

T.— T ©

One of the possible ways for doing this is the organiza-
tion of a sliding motion on the manifold (6), (27).

3.2 Main idea of design technique

The proposed in [12] SMC for an IM drive supplied
by 3LVSI allows organizing a sliding mode motion in the
electromechanical system, where the number of the dis-
continuous controls is first of all bigger than the control or-
der, and these controls are constant and cannot be changed.
Only above-mentioned 19 different output voltage space
vectors of 3LVSI can be used for solving the task of the
SMC design for the IM drive. However its control space
order is two.

The control design is based on two-step design tech-
nique [5, 6]. The main idea of this technique is the decom-
position of the control task, taking into account separately
the nonlinearities of IM and 3LVSI. At the first step only
the two-phase equivalent model of the IM has been used.
In this case the number of discontinuous controls is equal
to the order of the voltage plane. The sliding mode can
be designed by using the standard technique. At the sec-
ond step the real discontinuous output voltages of 3LVSI
have been taken into account, and the realization task of
the above-mentioned sliding mode has to be solved with
them. The switching law for the phase power switches that
guaranties SMC have been designed.
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3.3 Design in the stator-flux rotating frame

As stated above, the control aim is designing such con-
trol law that the state reaches the sliding manifold (6), (27),
which is the same as the error function (6) being zero, in
finite time from the bounded initial conditions, and then
remain on it. In this case the control task has been ful-
filled. For the solving of such control task the equation of
the error function variation in the moving coordinate frame
coupled with the stator-flux is used

a | Fu

a |

d‘\ps 2|/dt+R9(\Ijeazsa + \119529[3)/|\I/g| -
dT. 7|lt+(|7+w‘113) J(0Ls)—w(¥sqisatVspisg)

‘ 1/|%, 0

. . X
T/1s| Vsl /(0L HVsaisatWspiss)/ |Vs]
cosp sinp Usa,
—sinp cosp U |’
)

where p = arctan (¢s3/1sq) is the stator-flux angle.

Although the transformation from (1) to (7) is not de-
fined for zero flux, this limitation is not a critical con-
cern for the IM control. Usually the flux is initialized to
a nonzero value.

One of the features of (7) is a matrix with the periodi-
cal coefficients before the stator voltage vector that makes
the control task solving more complicated. For control de-
sign simplification the new control vector connected to the
control vector u, using the transformation

U’S(X
Usp

u,/)
ur

; ®)

cosp —sinp «
sinp  cosp

is suggested to be used.

By using such control the matrix before the new control
vector have not the periodical coefficients, and the sliding
motion on the manifold can be designed using the control
hierarchy method [7], because the error function Fyy de-
pends only on control uy. In this case the problem of slid-
ing domain is reduced to a sequential analysis of two scalar
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cases. The scalar sliding mode condition is

Jim (dF/dt) <0 & lim (dF/dt) > 0. (9)

The control vector components ug and up are selected
depending upon the sign of the components of the error
function F':

uy = UypsgnFy, (10)
ur = UngnFT. (11)

Their magnitudes Uy and Ur can be selected using the
inequalities

d|Ws, . .
U\I/ > U\I/eq = ‘|\Ile| |d | +RS (\I/SQZSCY + \Ilsﬂlsﬁ)‘ ’
(12)
dr., d[¥s-
Ur > Ureq = ‘7 T
+% (Lls—kL%w\I/g)—(pw + }\}/52?) (WsaisatVapiss)|
(13)

where Ugcq, Ureq are the equivalent controls (30).

The equivalent control is a continuous control that
would guarantee the same motion, if all needed informa-
tion about the load and the system uncertainty were avail-
able. In this case the system behavior can be written with a
vector equation of reduced order. The full order is reduced
to the order of the sliding-mode manifolds.

The magnitudes Uy and Up bound the initial condition,
from which the state will reach the sliding manifold in fi-
nite time, and the uncertainty of the system and the load
value to that the system is robust in general.

The approach to the design of the switch control is
based on the fact that the choice conditions of the ampli-
tudes of the formally entered controls in the stator-flux ro-
tating frame bases on the inequalities (12) and (13). In
this case there is an area of allowable controls U* in the
space of the formally entered controlsuy, ur that guaran-
tee sliding motion: U* = {U*} = U YU UU;5s UU;,
UrNU3 = 0.Uf OU; = 0, U7 NUF = 0. U3 N U =
0, UsNU; =0, UsU; = 0, each subarea U}, | =
1,...,4 has its combination of the controls sgnFr and
sgnFy. Table 1 shows the connection between these subar-
eas and the combination of the controls sgn Frr and sgnFy.

Table 1. Control subareas in the stator-flux rotating frame
ur | Uy | U3 | Uy
senFy | 1 -1 ] -1 1

sgn kb 1 1 -1 -1
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3.4 Design of controls for the semiconductor switches

In reality, as shown in the subsection 2.1 there are
only 19 different output voltage space vectors with four
different magnitudes, produced by discontinuous con-
trol (switching) of the balanced 3LVSI. The question is
whether it is possible to attain the above designed sliding
motion with these output vectors. Of course, one of the
possible ways is to use the inverse to (6) transformation
and to generate three-phase voltage references by using the
feed-forward PWM. The sine-wave voltages would be the
mean values of the output voltages of the semiconductor
3LVSI with high-frequency switches. However the real-
ization of PWM need additional information such, as the
average value of the output voltage space vector U, dur-
ing any time period, the switching time for each switch
and the sequence of their switching that must be calcu-
lated. Such approach requires additional calculations and
does not reach any of the basic properties of sliding mode,
namely simplicity of realization, insensitivity to parameter
variations and to a load.

The alternative approach to design of 3LVSI output volt-
ages control, i.e. transferring the two-dimensional control
(10)—(13) to the 3LVSI switch control, is based on the fact,
that the selection conditions of the amplitudes of the for-
mally entered controls in the reference frame rotating with
stator-flux use the inequalities (12) and (13). In this case
there is an area of allowable controls U* in the space of the
formally entered control shown in Fig. 4. Obviously, if we
design the real discontinuous voltages such that their pro-
jections on suitable axes of the stator-flux-rotating frame
have their marks and sizes, which are needed by the con-
trol algorithm with the formally entered controls, the slid-
ing mode on crossing before the chosen surfaces will take
place. Of course, the sizes of the formally entered control
values will change during operation.

The sliding mode, which has been synthesized in the
stator-flux rotating frame, can be secured by using the dis-
continuous voltages of the 3LVSI, if each control area has
at any time at minimum one of the 3LVSI output voltage
vectors. Fulfilling this condition it is necessary to calcu-
late the 3LVSI input voltage and to design a transition law
between the designed control (12), (13) and the switch-
ing control of 3LVSI switches. By the below mentioned
control design procedure the following assumptions were
used:

e the used 3LVSI output-voltage space vectors are full
ones and intermediate ones;

e the value of the 3LVSI dc-link voltage must be the
minimal possible;

o the selected values of the magnitudes Uy and Uy are
equal to Up;.
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a.0 Table 2. Phase switches controls
' P Sa Sp Se
(0...7/6) sgnFy sgnFp C
(7/6...7/3) D sgnkr —sgnly
(m/3...1/2) —sgnkFrp A —sgnFy
(7/2..27/3) —sgnkFp sgnFy B
2n/3...57/6) C sgnkFy sgnkrp
(57/6... ) —sgnkFy D sgnFp
(7..77/6) —sgnFy | —sgnkrp A
(Tm/6...47/3) B —sgnFrp | sgnFy
(4n/3..37/2) sgnFp C sgnFy
(3n/3...57/3) sgnkbp —sgnkFy D
(57/3...117/6) A —sgnkFy | —sgnFr
(117/6..27) sgnFy B —sgnkp
A3 Uz A \ﬂ,'[o/++] B g U Af—— +
2 e oo } .
[=+-] S Table 3. Quantities A, B, C' and D for Tab. 2
b e [-+0] [-0+4 v ¢ sgnFy 1 1T ] -1 -1
sgnlr 1 -1 1 | -1
Al =+ 4] 1 0 0 | —1

Fig. 4. Sliding mode control areas and voltage space-
vector of 3LVSI

e the value of the 3LVSI dc-link voltage was calculated
using the magnitude of the intermediate voltage space
vectors, i.e. there is the supply voltage By — Bz =

(2 - \/g)vdr/g

In this case the selection condition of the 3LVSI input
DC-voltage value, for geometrical reasons, is

arcsin (Up/B,) < /6 (14)
and the 3LVSI DC-link voltage value can be calculated as
Vie 2 Vige min = 2V3 - Up. (15)

This 3LVSI DC-link voltage value guarantees that the slid-
ing motion designed on the first step will be executed by
the above mentioned 3LVSI output voltage space vectors,
i.e. the system will reach the sliding manifold from ini-
tial condition selected in the first design step in finite time
and remain on it and will be robust against the selected un-
certainty of the system and the load value accordance the
inequalities (12), (13).

The transfer strategy from the controls sgnF7r and
sgnFy to control S,, Sy, S. of the switches S1, S2 and
S3 is presented in Tab. 2 and Tab. 3. There are 12 equal
stator-flux-angle zones of size 7/6, where switch control
is equal to one of the controls sgnF and sgnFy or their
opposite values.
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This 3LVSI DC-link voltage value (15) and control Tab.
2 and 3 guarantee that the system will in finite time reach
the sliding manifold (6), (27) from initial condition se-
lected in (12), (13), will remain on it and will be robust
with respect to the selected uncertainty of the system pa-
rameters.

As the design result, the SMC algorithms (6), (10)-(13),
(15), Tab. 2 and Tab. 3 are obtained that guarantee zero
torque and flux-modulus errors by variation of drive pa-
rameters, load and inverter DC-link voltage.

4 ROBUSTNESS AGAINST VOLTAGE OSCILLA-
TION

4.1 NP voltage oscillation

The voltages on the capacitors are changed by using the
NP voltage for producing the output voltage space vector.
In this case the intermediate voltage space vectors oscil-
late near their rated position suitable to the mode with the
balanced NP voltage presented in Fig. 2.

Figure 5 shows an oscillation area of the vector Z;. On
the symmetry strength another intermediate-voltage vec-
tors have the same behavior. The angle motion of the space
vector is bounded.

[1]

€] <

where: |¢] is actual angle deviation, and = is the maximal
one.

; (16)
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Fig. 5. Oscillation area of the intermediate-voltage vector
A

The SMC will be secured by the misbalance of the NP
voltage, if each control area has at any time at minimum
one of the 3LVSI output voltage vectors. This condition
is fulfilled by using the logical switch control table and
by calculating the DC-line voltage subject to the maximal
angle deviation =. The selection condition of the input
DC-link voltage value, for geometrical reasons, is

arcsin(Uy/B}) < /6 — E/2, (17)

where B} is the magnitude of the intermediate-voltage
space vector that corresponds to the maximal angle devia-
tion =:

B} = B,/ cosE. (18)

The 3LVSI DC-link voltage value, by using (18), can be
calculated as:

Vie > Ve min = (V3-Up) cos E/[sin(7/6—Z/2)]. (19)

In case DC-link voltage used satisfies relation (19), the
drive robustness against the NP voltage oscillation is guar-
anteed.

4.2 DC-link voltage changes

In fact the DC-link voltage is usually produced from
three-phase AC voltages by using three-phase, six-pulse,
full bridge diode rectifier with a filter capacitor in the DC-
link (Fig. 1). The purpose of this capacitor is to eliminate
the ripple from the DC output voltage from the rectifier, as
much as possible (Fig. 6). In this case the DC-link voltage
is:

3 [
Ve = 7/ \/§VLL cos(wy ft) d(wy ft) =1,35V.z,
™ J)_
h 20)
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2 |5w3 27

———

b wzwh

Froguen cy ()

Fig. 6. Waveform of the rectifier DC-side voltage vq. and
the DC-link voltage V.

where V71, is the rms value of the line to line voltage, w; ¢
is a line frequency, ¢ is time.

The instantaneous waveform of the rectifier DC-side
voltage v4. consists of six segments per cycle of line fre-
quency. The minimal value of this voltage vgc min 1S

Vde min = V6VLL/2=1.22V] . 1)

As a selection condition for the input DC-link voltage
value is an inequality, the sliding motion could be guaran-
teed by changing the rectifier DC-side voltage v4.. Only
its lowest value must be bounded, i.e.

Vde min > 2V3 - Uo. (22)

It is possible in this case to reduce the value and therefore
the size of the filter capacitor.

If one wants to have the robustness to both voltage os-
cillations, so NP one and DC-line one, the lowest value of
the DC-link voltage must be calculated using (19) as

Ve min > (V3 - Up) cosE/[sin(r/6 — Z/2)].  (23)

5 FIRST SIMULATION RESULTS

To exemplify the behaviour of the IM drive with sliding-
mode controller simulations were performed for IM and
3LVSI taken from [2]. The underlying IM parameters are
shown in Table 4.

The DC-link voltage of the 3LVSI is V. = 422V, the
control cycle time is 25 ps. The 3LVSI state was deter-
mined by the sliding-mode controller that uses as input
signals the error signs (10), (11) and information about the
stator-flux position and produces the output signals, using
Tab. 2 and Tab. 3.
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Parameter Symbol | Value
Rated power (kW) P, 90
Rated voltage (V) U, 330
Rated current (A) I, 180
Number of pole pairs P 2
Rated speed (rpm) Ny 1480
Rated torque (Nm) T, 1160
Rated flux linkage amplitude (Wb) v 1.71
Stator resistance (m{2) Ry 25.9
Rotor resistance (m$2) R, 18
Magnetizing inductance (mH) L, 27.6
Leakage inductance (mH) L, 1.3

Table 4. Parameters of IM for simulation

In a first step, the design of the sliding-mode controller
uses only the full and intermediate voltage space-vectors.
Speed was thus held constant at 82% of rated speed, 1200
rpm, which is appropriate, using only these space vec-
tors. All quantities (except time) are given in p.u., with the
flux normalized to rated stator-flux amplitude (1.71 Wb),
torque to rated break-down torque 7, = 3373 Nm, rated
torque being 35% of break-down torque. Currents are nor-
malized to the rated ideal rotor short-circuit current I, =
®,./L, = 1315 A and voltages to 2/m - V. = 368 V.

The flux and torque hysteresis bands were set to 7% of
rated flux amplitude and break-down torque, respectively.
The resulting device switching frequency is below 300 Hz.

Figure 7 and Fig. 8 show the drive start. At¢ = 0 the
machine is magnetized to rated flux, at ¢ = 0.5 s the torque
set value is raised to 35% of break-down torque. Figure 9
and Fig. 10 present the torque reducing to 20% of break-
down torque at ¢ = 0.7 s.

Figure 8 and Fig. 10 display the time functions of torque

Ws [pll] .A A
2lig| [p.u l T [p.u]

]

Fig. 7. Torque T and torque set value T™, o, 3 components
of stator-flux space vector V., Vs3 and modulus |V,
stator current isq, with the modulus 2|is|; torque set value
rising from 0 to 35% T, of the rectifier dc-side voltage vy,
and the dc-link voltage V.
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Fig. 8. Space-vector trajectories of stator flux Vg, sta-
tor current is, with the modulus 2|is| and stator voltage,
torque set value rising from 0 to 35% T,

\ps [pll] ‘.‘ A
2li| [p.u.] l T [p.u]
!04

Fig. 9. Torque T and torque set value T*, «, [3 components
of stator-flux space vector VU o, W 3 and modulus |V,
stator current isq, with the modulus 2|is|; torque set value
reduced from 35% T, to 20%

and torque set value, the a- and -coordinates of the stator-
flux space vector ¥ ,, U g and its modulus |¥| and the
(double of the) « -coordinate of the stator-current space
vector is 45, (current in phase a). The torque rise is
achieved — due to the reduced voltage margin — only within
10.2 ms, but the torque reduction shows the dynamics to be
expected from direct control, with a sink time of 0.12 ms
approximately. Torque and flux modulus are guided safely
in their bands, the flux and current waveforms are mainly
sinusoidal, with small distortions.

Figure 7 and Fig. 9 show the trajectories of the space
vectors of stator flux W, the double of the stator current
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Fig. 10. Space-vector trajectories of stator flux Vs, sta-
tor current s, with the modulus 2|is| and stator voltage,
torque set value reduced from 35 to 20% Ty,

15 and the employed full (A) and intermediate (Z) voltage
states, belonging to Fig. 8 and Fig. 10.
The pertaining fundamental current amplitudes
(= radii of trajectories) iso = o/(1—0)ly are:
no load: is0 = 0.0471;
rated load (1" = 0.35T}): is0 = 0.191;
57% rated load (T' = 0.2T3):  is0 = 0.121 .

6 CONCLUSION

The application of this sliding-mode technique to the
control design of an AC drive supplied by a 3LVSI al-
lows elimination of the influences of the NP voltage os-
cillations and DC-link voltage changes in the drive behav-
ior. The selection conditions for the choice of the DC-link
voltage value in the frame of the SMC algorithm are pro-
posed [12]. The designed drive control would be able to
guarantee all advantageous characteristics of the control
plant. Such type of the control is a very high dynamic one
and has a very low sensitivity to disturbances, caused both
by the load, the input DC-link voltage and plant parameter
variations.

The next improvement of the torque control perfor-
mance is to use half-voltage and zero-voltage space vectors
by proper design of the controller.

APPENDIX A SLIDING MODE BACKGROUNDS

The control design in this paper is based on sliding
mode as a special type of behavior of a relay system [7]:

dx(t)/dt = l(x,t) + B(x,t)u(t), (24)
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[ w0 1S >0,
i, t) = { u; (x,t) if Si(w,t) <0,

where x(t) is a state vector, z(t) € R™; I(x,t) is a system
vector, I(x,t) € R™; u(t) is a control vector, u(t) € R™,
n > m; u;(t) is a component of the control vector u(t),
i=1,...,m; B(x,t) is a matrix, B(z,t) € R"*™; S;(t)
is a switching function.

(25)

The main feature of this mode is that none of the used
general switched structures can realize such behavior. The
sliding mode occurs in the intersection of all m surfaces

fi=0 (26)

by using a switching of the control components u;(z, t)
(25) with high frequency. The vector function F7 =
(f1, -y fm) is a function of the system variables x(¢) and is
usually an error function that must be led to zero by using
the vector switching function ST = (S, ..., Si).

Formally, the control aim is the following: the system
state z(t) must come to the manifold

F=0 (27)

and “slides” on this manifold to the reference point, inde-
pendently of the system dynamic.

In this case the control design procedure is decoupled
into two tasks:

e sliding mode design in the space of the vector func-
tion [ € R™;

e motion design on the intersection of all m surfaces in
the state space with order (n — m).

The solution of the first task solution is based on the
Lyapunov stability of the control plant in the space of the
vector function F' € R™. A typical sliding mode control u
has the form

u=—U(x)sgn(F), (28)

where U (x) is the square diagonal matrix of the control
magnitude; sgn(F') is the vector of the signs of the error
functions, [sgn(F)]T = (sgnfi,...,sgnf,,). It guaran-
tees that the system state will reach the sliding manifold
in finite time from the initial condition, which has been
bounded by the value of the constituent of the matrix U (z),
and will keep to it. This magnitude bounds the uncertainty
of the system, the load value with respect to which the sys-
tem is commonly robust. The special task is a design of
a transition law between the designed control (28) and the
switching control (25). It depends on the features of the
relay system (24).

The motion on the sliding manifold is described by us-
ing the equivalent control u,(x). It is calculated from the
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condition that the time-derivative of the function F' on the
system trajectories is equal to zero

dF/dt = Gl + GBu.y =0, 29)

where G(x) = {0F/0x}, G(z) € R™*™ is a gradient
matrix; det GB # 0.

In this case the equivalent control u.,(z) that is a con-
tinuous control that would guarantee the same motion, if
all needed information about the load and the system un-
certainty were available, is calculated

ueq = (GB)™'GL, (30)
and the system motion in the sliding mode is described as
dx/dt =1— B(GB)™'Gl (31)

together with (28). Using (28) the system order can be
reduced to (n — m), and the system description is

dl’l/dt = ll[(ml, t], (32)
where 27 = (21, 22), 7,
ll[(xl, t)], ll c Rr—™,

6 [Rnf’fn7 1.2 6 [R’IT’L.7
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