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Sliding Mode Control Technique for an Induction Motor
Drive Supplied by a Three-Level \oltage Source Inverter

Sergey Ryvkin, Richard Schmidt-Obern®ller, and Andreas Steimel

Abstract: The possibility of using sliding-mode (SM) technique foriaduction mo-
tor drive with a class of inverters dedicated to high powke three-level voltage-
source inverter (3LVSI), has been presented. A designettaldmased on the pro-
posed two-step design procedure is discussed; drive siimuilgsults are shown.

Keywords: Induction motor, sliding-mode control, switch mode, thteeel voltage-
source inverters.

1 Introduction

SJDING-MODE control is a control technique used widely in electromeateln
systems today [1-4]. It bases on using main characterisficeodern in-
verter semiconductor switches as Insulated Gate-Cometifaansistors (IGCTS)
or Insulated-Gate Bipolar Transistors (IGBTs) that arerafieg in switch mode
with distinctly higher switching frequency [5] than formieiused Gate-Turn-Off
Thyristors (GTOs). The switch-mode operation of the devicentributes to high
efficiency of the equipment, but has the adverse effect ofplicating the con-
trol plant. In this case the IM drive with converter can beamreted as a nonlinear
variable-structure system, and it is useful to exploit thiagipal operational mode
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of this class of control systems “sliding mode” for solvitngtcontrol task. Sliding-
mode control (SM) control technique allows to decomposectirol design task
and to design a control that shows low sensitivity to distmdes and plant param-
eter variations and gives a system high dynamics and agcutdany different
control solutions for such drives based on SM control weoppsed [1-4].

Today a standard item of modern high-power drives (ratedgoow3...4 MW)
is the IM fed by three-level inverters (3LVSI) [6]. The mag®ture of 3LVSI distin-
guishing from the classical voltage-source inverter witb possible voltage levels
is an additional middle potential of the dc link. On the onadhdt offers bene-
fits as a superior harmonic spectrum for a given device sintcfrequency, low
voltage stress at the cable and the end windings of motomy a&démmon-mode
voltage, and substantially lower semiconductor switchosges. From the control
point of view such a control scheme has a variable strucidue to the complexity
of this variable non-linear drive structure having a sedespling of the two non-
linear objects 3LVSI and IM different by nature, various ttohtechniques were
proposed, such as e.g. Field-Oriented Control [7], Direggt Sontrol and Indirect
Stator-Quantity Control [8, 9] or Direct Torque Control ), 11]. But nearly all
these techniques have in common the decomposition of the Iigih-order con-
trol task to several separated lower-order tasks, usirgatigontrol technique and
heuristic solutions.

On the other hand, SM control could be successfully useddieirg) the con-
trol task in the frame of the principal operational mode a$ttlass of variable-
structure systems, due to its property of order reducticsh itslow sensitivity to
disturbances and plant parameter variations [12]. The atm®paper is to extend
the SM technique to a the class of nonlinear control plargdjchted especially to
high-power drives: IM drives supplied by 3LVSiIs.

The paper can be outlined as follows. The main part deals thé&SM con-
trol design. First of all, such well-known descriptions ke two-phase equivalent
model of a symmetrical balanced squirrel-cage IM in thewtary reference frame
(a,B) and with rotor quantities referred to stator [13] and thearacal schema of
the neutral-point-clamped 3LVSI with three-state semittartor switches [6] are
presented and discussed. Secondly, the backgrounds of 8#1ane briefly in-
troduced. Third the control task is formulated and a twgs$&/1-control design
technique suggested. The design results in the SM contrtiécabove-mentioned
drive system as the logical table for 3LVSI switch controtdhe conditions for
the input voltage selection of the 3LVSI is given. At the ereults of a numeri-
cal simulation illustrating the properties of the sugge<® control are presented,
followed by conclusions.
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2 Control Plant Description

2.1 Used IM description

The classic model of a symmetrical balanced squirrel-cadedtion machine in the
stationary reference franier, ) and with the rotor quantities referred to stator [13]
for SM control design is used:
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wherew is the electrical angular velocity the inertia andv the electromagnetic
torque

T =3p(Wsaisp — Wepisa) /2, (2
M. is the load torque; W] = (Ws,Ws) the stator-flux space vector;
ii = (isa,isp) the stator-current space vecto; = (Usy,Uss) the stator-voltage
space vectorR and L denote resistance and self inductance, subscripts s and r
stand for stator and rotop is the pole numberg = 1—L2,/LsL;, with Ly, being
the mutual inductance is the leakage factoe: LsR, /(L; — Rs)

2.2 Used 3LVSI description

The 3LVSI model depicted in Fig. 1 has three input rail: thsifiee (L+) and the
negative (L-) ones of the dc link and the middle potential fd)ween positive and
negative potential (neutral point). The output terminal$®,ac can be connected
to one from them by using three three-position switches §&1,S3). The switch
has three positions: (+) means the connection with the ipegiil, (-) with the
negative one and (0) with the neutral point.

There are 27 possible switching combinations. If the migutieential is bal-
anced(E; = Ey) there are 19 different output voltage space vectors with ¢ty
ferent magnitudes, parts of them multiply redundant (Fig. Neext to the output
vector position the switches combination is given.
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Fig. 1. Canonical schema of neutral-point-clamped 3LVSI

There are six full-voltage space vectafg (vith magnitudeBa = 2Uq/3, where
Ug = E1 + BE; six intermediate-voltage space vectors (Z) with magrtBd =
v/3Uq/3; six half-voltage space vecto )\ with magnitudeBy = Ug/3, attained
redundantly by two switch combinations, and the zero-gataector N), with
three possible switch combinations.
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Fig. 2. \oltage space-vector diagram of 3LVSI

Only these above mentioned 19 different output-voltageepactors can be
used in the discontinuous control.
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3 SM backgrounds

SM is a special motion of the closed-loop relay system, whenrélay switches
between its two positions with a switching frequency, didily higher than the
motor short-circuit time-constant [3]. By a correctly sk switching functior

the system has good dynamic, low sensitivity to disturbarared plant parameter
variations. Usually the switching functidh has been selected as an error function
of the control variables and it must be led to z¢fFo— 0). Formally, the system
state must reach a sliding surface or manifold

F=0 3)

and slides then on the manifold into the zero point, indepatig of the system
dynamic. A typical SM control has the form

u=-Ux)sgn(F),ucR", (4)

wherex is the system state vector,e R",n > m, U(X) is the square diagonal
matrix of the control magnitudes; € R". The system state reaches the sliding
manifold (3) in finite time from the initial condition, whichas been bounded by
the value of the constituent of mattik(x), and keeps to it. This magnitude bounds
the uncertainty of the system, the load value unto which iséesn is commonly
robust. and then slides on the manifold into the zero poidepgendently of the
system dynamic.

4 SM Control Design

4.1 Two-step control design

The main control aim of the IM drive will be satisfied, if theemage value of the
mechanical output variable (for example rotor speed ortjpogiwill equal the set
value, which has subscript z. But this task in an obvious qliicit kind is reduced

to the task of maintaining the target torque M at the shafthef iotor. As the

number of the independent controls is equal to the ordereo€timtrol space, in our
case the voltage plane, and higher as one, it is first of aBiplesto control two

variables: not only one mechanical variable, but anothealike which describes
electrical or power requirements of the IM. Usually the @tdlux modulus|Ws| =

/W, + ngB is chosen. In this case the error functiéris formed as

Fy

F=p

(®)

(Wl - 1w
M;—M
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and the control aim is

F=0. (6)

While the IM drive is a variable-structure system with distouous control,
one of the possible ways for reaching Eq.(6) is organizinfiding motion on the
manifold (5), (6), i.e. the solving the control task, by usithe output-voltage
space vectors of the 3LVSI. In this case the error funcio(b) plays the role of
the switching function of the structures. It is a functiontbé system variables
and guarantees, that the system state "slides” on the nidumiftw the zero point,
independently of the system dynamic.

The special feature of the IM drive as a non-linear systerh giscontinuous
control is that the number of the discontinuous controlsiggér than the control
order, and that they are constant and cannot be changed. dihepnablem of the
control design is the synthesis of the switching law thatrgogees sliding on the
manifold (5), (6), i.e. the solving the control task, by usthe output-voltage space
vectors of the 3LVSI.

In this case the two-step control design technique [2] igftriu It allows to
solve the design task for the 3LVSI that has 19 different outpltage space vec-
tors by a two-dimensional control space. The main idea sftdthnique is to take
the nonlinearities of IM and 3LVSI separately into accoufst.the first step only
the IM model is used with a two-dimensional output.

At the second step the real discontinuous output voltage\é88is taken into
account, and the realization task of the SM is solved withressilts there are the
logical table for the switch control and the conditions foe 3LVSI input-voltage
selection.

4.2 Fist design step

The control task is solved by using the equation of the dunction variation and
the IM model (1)

dWe| | Rs(Vsaisa +Wpisp)
d Ryl _ & Ex _
dt [Pl |2 2 (£ + 2 ol2) — peo (Wagisa + Wepisp) -
1 0 o
M 1| (ws,,isa+ws,3is,;) X )
W] oLt g | U

whereUd = (uy,uy) is the control vector, which is connected with the phase- volt
ages by the transformation
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cosp —sinp
Ua 21 ) 21
M
el loosip+ 2 —sinp+ o)

3
wherep = arctar{¥sy /Wsg) is the stator-flux angle.

The sliding motion on the manifold (5), (6) can be designedth®y control
hierarchy method [3], because the error functindepends solely on contraly.
The problem of sliding domain is thus reduced to a sequeatialysis of two scalar
cases. The scalar sliding-mode condition is

dF

. dF .
F'L“loﬁ <0& Fh—(n_oa ’ ©

The above mentioned condition (9) will be fulfilled, if therdool vector com-
ponentsuy anduy;, are selected depending upon the sign of the components of the
error functionF:

uy = Uysgn(Fy) , (10)
Uy = UMsgn(FM) (1))

and their magnitudedy andUy, are selected as

djw Rs (Wsqisa + Wsgi
Uy > Upeq = 'df'+ o BTN #lg) | (12)
dm, M d¥|  1(y 2
Un > Uy = | & ¥ @ +3 (L LEont) - (13)
= eq — . .

They bound the initial condition, from which the state walich the sliding man-
ifold in finite time, the uncertainty of the system and thedaalue to which the
system is robust in general.

4.3 Second design step

The transfer from the control quantityg to the real output voltages of a 3LVSI
is based on the fact, that the choice conditions of the madest of the formally
entered controls in the stator-flux rotating-frame obeyitieggualities (12), (13). It
is obvious, if designing the real discontinuous voltagetadnhus that the voltage
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projections on the axes of the stator-flux rotating frameettlieir marks and sizes,
which are needed by the control algorithm with the formaliyeged controls, the
sliding mode on crossing before the chosen surfaces w#l padce. Of course, the
sizes of the projections will change during operation.

Control (10), (11) and inequalities (12), (13) determinethie control space
rotating synchron’ously with the stator-flux four contreeasU;,U;,U3,U, with
guaranteed sliding motion (Tab. 1) = {U*} =U; uU;uUUsUU, , U;NU; =
0,U/nU;=0,U/{NU;=0,U;NnU;=0,U;NU;=0,U3NU; =0

Table 1. Sliding mode control areas
(U [U; [ U3 [Ug

sgnFy 1 1 1] -1

sgnky 1 -1 1 -1

By transformation (7) to the three-phase stator-windingdi frame (a, b, c)
these four control areas do not change their form, but retétestator-flux angular
velocity w = %—f (see Fig. 3)

SM will be secured by using the discontinuous voltages of3ihéSl, if each
control area includes at any time at minimum one of the 3LV&pat-voltage
vectors. Calculating the 3LVSI dc-link voltage and tramsfeg the control (10),
(11) to the switching control of 3LVSI switches is based ois tondition. Both
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Fig. 3. SM control areas and voltage space vectors of 3LVSI
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are performed by the following assumptions:

e The selected control magnitudds andUy are equallUy =Uy =U.

e The used 3LVSI output-voltage space vectors are only fidlscand interme-
diate ones (in this first step of investigation).

e The value of the 3LVSI dc-link voltage must be the minimalgibke.

e The value of the 3LVSI dc-link voltage has been calculatsthgithe magni-
tude of the intermediate voltage space vectors. In thisttesgc-link voltage
value isBa — B, = (2—/3)Uq/3

By these assumptions the selection condition of the 3LV8utirdc-voltage
value is according to geometrical reasons:

arcsinlU /B,) < /6, (14)

and the 3LVSI dc-link voltage value can be calculated as

Ug>2V3-U . (15)

The control strategy guaranteeing that each time in eacheofdur control
areadJ;,U;,U3,U, will be at least one of the twelve 3LVSI output-voltage space
vectors is presented in the Tables 2 and 3. It connects tms sifjthe control
errors sgnky and sgnky and the controls,, S§,, & of the phase three-positions
switches S1, S2 and S3, in dependence upon the stator-flitopds one of the
twelve 11/6 - sectors.

Table 2. Switch controls |

P | s | s | s
(0...1/6) sgnFy sgnFu C
(rr/6...1/3) D sgnFv | —sgnFy
(r/3...1/2) —sgnku A —sgnFy
(rr/2...2m/3) —sgnFy | sgnFy B
(2m/3...5m/6) C sgnFy sgnFu
(5m/6...m) —sgnFy D sgnFu
(m...71/6) —sgnFy | —sgnFy A
(7m/6...4m/3) B —sgnFu | sgnkFy
(4m/3...3m/2) sgnkv C sgnky
(3m/2...5m/3) sgnFy | —sgnky D
(5m/3...11m1/6) A —sgnFy | —sgnky
(11r7/6...2m) sgnky B —sgnFy

Such a control (3LVSI dc-link voltage value and control glduarantees that
the system will reach - from the initial condition selected12), (13) - the sliding
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Table 3. Switch controls Il

sgnFy | 1| 1 |-1]-1
sgnFm | 1 [ -1 1 1
A 1({0]0]-1
B 0O|-1,1|0
C -1 0] 0|1
D o|(1|-1|0

manifold (5), (6) in finite time and remains on it and will bébust against the load
value variation, the selected uncertainty of the systenarpaters, of the 3LVSI
dc-link voltage and of the estimation of the stator-flux angbsition.

5 Results of the numerical simulation

This SM control was tested in a simulation of the IM drive fgdd3LVSI [14], the
characteristics of which are presented in Tab. 4.

Table 4. Characteristics of IM drive for Simulation

Parameter | Symbol | Value
Rated power (kW) Py 180
Rated voltage (V) Un 600
Rated current (A) IN 180
Rated speed (rad/s) wWN 150
Rated torque (Nm) Mn 580
Rated flux linkage (Wb) |We| 1.71
Stator resistancenQ) Rs 25.9
Rotor resistancenfQ) R 18
Mutual inductance (mH) Ly 27.6
Leakage inductance (mH) Lo 1.3
Numper of pole pairs p 2
DC-link rated voltage (V) Uy 422
Maximal switch frequency (Hz) fcmax 500
Control cycle time 1) Te 200

The 3LVSI state is determined by the sliding-mode contrdhat uses as input
signals the error signs (10), (11) and the information alblogtstator-flux position
and produces the output signals, using Tables 2 and 3. Intats, the design
of the sliding-mode controller uses only the full and intediate voltage space-
vectors, which are needed in the upper speed range. The ftltoeque hysteresis
bands were set to 7% and 3.5% of the rated value respectypsed was held con-
stant at 104 rad/s, torque was set up to 30% of the rated lol@ak-value, which
is equal to the rated value. At= 0 s, flux is commanded to its rated value, and at
t = 0.03 s, torque is commanded to the rated value. The simulation aaiged out
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in real physical variables, but they are presented in per(pni.) system. Only the

time (the figures horizontal scale) is Sl unit (s).
Fig. 4 shows the alpha/beta components of the stator-flusespactor and the

torque.
M
.- My M,
1 | }
.," | /,’ ) | / /\ (ﬂ ;,J / - \ A0 | ﬂ /ﬂ /‘ J /
"1/ f'( AL NW 2y i’f ! [’ el /1) |\ anp |"f
] J} do “ |“ /”'J"ﬁm i l !‘ f k‘( i .“f f \" f \. W
i L A
o /’ \\/‘\_ /
A \ W
U g ,"A/ & "?‘%7 U‘}SB s
/ \M
. / ‘I’}m \.\ J
. Vi \_m
: " b
a4 ", '(‘/'\/\J‘."W«_‘"‘.//

Fig. 4. Torque and alpha/beta component of stator-flux speceer

In Fig. 5 the discrete output-voltage space vectors andithelar trajectory
of the stator-flux space-vector are pictured.
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Fig. 5. Root locus of stator-flux, stator-current and statatage space vectors

Fig. 4 shows that the torque at the speed 104 rad/s is a glighthtic and
has a ripple of 7.5% of the rated torque. The torque behavmuas expected,
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similar to Direct Torque Control [8]. The flux is guided witha hysteresis band,
18 switchings are used for torque control and 72 switchingeetp the stator flux
within the given - relatively narrow - hysteresis, so thatrthare 3000 switchings
for all three phases of the voltage system in one seconcesmonding to a mean
device switching frequency of 500 Hz.

6 Conclusion

SM technique has been extended to IM drives supplied by 3tV#& new ap-

proach to the control design of IM drives with 3LVSIs with higoltage power
semiconductor switches is presented. The designed SMaotagitres the drive

all advantageous characteristics of SM control as high miynialow sensitivity to

disturbance of both the load and the input dc-link voltage emplant parameter
variations. The simulation confirms highly dynamic behgvamcuracy, simplifica-
tion of the control algorithm and reduction of the computaapacity requirements
of the controller.

The next steps in the implementation of the SM control designremoving
some of the assumed restrictions, i.e. equal magnitUdeandUy, and others,
and using the half-voltage and zero-voltage space vectoroimplete design of
the controller. Such a solution will improve the control fya but needs the de-
velopment of the new design technique and receiving acditimformation about
the position of the equivalent control.
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