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Abstract. The paper discusses designing, modeling and apiplic of electric drives with linear induction maotdfor
constructional purposes: high voltage line faulializing and shunting system of power supply fée,sapplication of
thyristors to shunt phase fault, horizontal tramsggstems with linear electric drives of constimical equipment for
transportation of materials, and vertical transpgdtems with linear electric drives of construstibmaterials, review
of design methods of special linear induction dsjweansient responces of linear induction drives.

Keywords: linear induction drive, circuit-breaker, horizointeansportation systems, vertical transportatigstems,
dynamics of linear induction drives.

eliminating primary overvoltages) and thyristor
commutator (danger of damage at double-line-toraéut
short circuit during shunting of phase-to-groundrsh
circuit) shortcomings [5]

High voltage line fault localizing and shunting syem
of power supply for site

Power supply of sites by temporary high voltagedin
leads to high possibility of single phase fault andApplication of thyristors to shunt phase fault
grounding. To avoid of burned wires, fire and
overvoltages caused by single phase grounding gif hi  In the power transmission lines, less than 1 kV,
voltage supply line with insulated neutral it wasprotective release equipment is used to protectamum
investigated and created technical equipment térom touch voltage. The higher voltages requirengsi
determine location of single phase grounding arshtoit  high speed equipment to shunt touch voltage. Higted
the faulted phase to grounding mesh of substa#on. shunting of phase-to-ground fault replaces its tioca
automated system is based on circuit-breaker witfrom possible to touch place to substation becdhee
separately controlled contacts by cylindrical linea circuit-breaker shunts the damaged phase and reduce
induction motors and control equipment [1, 2, 3,#is  touch voltage to zero.
system creates possibility to protect 6-10 kV elect The first way is used in the 6 — 35 kV power lines,
networks from overvoltages and other negativesupplying portable equipment, for example, in geatr
subsequence of single-phase grounding: electricfisé¢  The second one deals with application of high speed
burned wires and destroyed isolators, step volt#tgis.  thyristor shunting equipment. This equipment lintite
evident, that at temporary sites application of hhig phase fault short circuit time and protects othet n
voltage phase fault localizing and shunting systemgamaged phases from overvoltages, i.e. it reduces
remains important decision, decreasing damage ardhmage of insulation. The equipment to shunt pFedé
protecting personal. The main imperfection of eqmépt  is shown in Fig. 1. It comprises 3 thyristor comatats
to shunt phase fault is certain delay from thelsipjjase (one per each phase) and control unit, which ispased
grounding instant therefore mentioned equipmentsdogfrom faulted phase recognition circuits, automatic
not protect the network from initial overvoltageBo  secondary switching units and locking units to lock
improve automatic phase shunt and localizing systésn  phase-to-phase short circuit. Number and type dése
reasonable to develop hybrid high voltage commusato connected thyristors in one arm is matched with
where circuit-breaker with separately controllesitests dischargers  protecting installation of substation
is supplemented by thyristor commutator with sefgdya equipment from overvoltages.
controlled arms which is used in portable subsatifor Hybrid commutator [5] protects the network from
enlarged danger. The hybrid commutator allows tmvervoltages and switches off the short circuitrent if
eliminate shortcomings both of circuit-breaker withduring the single phase grounding, the other pladse
separately controlled phases (small speediness appears connected to ground and two-phase shouitcir

via ground happens.
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During a short circuit in the network or if the ham Horizontal transport system with linear electric drives
touches current leading parts, the displacementafral for transportation of constructional materials and
appears in the network. When phase-to-ground fauliquipment
appears in 10 kV network, at first, the thyrisstwunting
equipment is launched after 3 ms in the substatibn. Discrete linear electric drive allows changing soat
reduces touch voltage to zero at the fault place. Amaterial and equipment transportation in the sit@sear
thyristor shunting equipment cannot lead groundingnduction drive comprises inductors of linear intioic
current for a long time, it is complained with cite ~ motors, fastened on the sleepers between railsiected
breaker with separately controlled contacts, whiahly by cables with control desk. Buses, made from dunai
connects the grounded phase with grounding mesh @i other conducting material are placed at theobotbf
substation. the car, tracking by rails, serve as the secondknyent,

The faulted phase is selected by special equipmerind common for all inductors of linear induction tors
according to the voltage reduction in the faulpddise (LIM).
and voltage increase in the leading phase. Controlling devices connect to power supply one

Control equipment of thyristor shunting commutatorinductor after another, therefore the car togethéh
and circuit-breaker with separately controlled eotd at constructional load or equipment is always provided
first sends signals to thyristor controlling electes of continuous thrust. If the sleepers and rails ao@ed to
thyristor shunting commutator, which shunt the dgeta the other position, possibility to change flexiltgnsport
phase to substation grounding mesh. Electricalitito ~ routs of constructional materials and equipment is
shunt phase fault with both thyristor commutatod an assured. System for transportation is given in Eig.
circuit breaker is shown in Fig.1. A carriage with LIM for transportation of

constructional materials is shown in Fig. 3. Resctiail
from steel or aluminum serves as the secondaryeglem
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Fig. 1. Hybrid commutator to shunt phase fault: KTA, KTBT®& — voltage relays fore each phase; KMA, KMB, KMContactors
of linear motors; QF — the main circuit breakepofver supply line; KA, KB, KC — contacts of circuitdaker for each phase; MA,
MB, MC - linear induction motors
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Fig. 2. Block diagram of catapult: S — segments of routeagfie movement; B — bogie: LIM SE — secondary etgroélinear
induction motor; LIM —inductors; TC — thyristor (rensible) commutator, PC — personal computer
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Fig. 3. Carriage with linear motor

Vertical transport systems with linear electric dives
for transportaton of constructional materials

Elevators, temporary fastened to building, are dsed
transportation of constructional materials and pont
during works. In elevators it is purposeful to aplahear
induction drives, made from moving inductor, supgli
via flexible cable and secondary element — condgcti
bus, fastened along the elevator Fig. 4.

Heavy inductor of linear induction motor serves as
counterweight also [6]. Speed of the elevator cahimbe
adjusted by changing supply voltage frequency and
amplitude. The advanced frequency converters are
applied for thispurpose.

Review of design methods of special linear inductio
drive

In the industry automation systems widely are used
small power and relatively small speed linéaduction
motors (LIM) and on it base designed controllecdin
electric drives [7, 8]. The speed-force charadiegsof
these LIM and controlled drives are close to linear
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Fig. 4. Elevator for linear motors: 1 — control panel;
2 — flexible cable; 3 — LIM inductor; 4 — contra-igfets; 5 —
LIM secondary element; 6 —directives; 7 — liftirape; 8 —
cabin; 9 — rode; 10— entrance platform
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The influence of slip to the LIM inductor currenta X, ) o
small also the dynamic power and current amplitates  Xm :E is relative magnetizing reactance of
low in this kind of systems. Theoretically workirzgnd
speed-force characteristics of motors and drives/eld
from the LIM electromagnetic expressions have cempl ) oo
expressions. Problem gets more difficult becauseldf WIS number of phase winding turns;
is asymmetrical three phase electrical energy vecei
with reverse current component, which creates limgak . R . . _ L :
force component. Because of that, theoretical sieree R =— is relative resistance of cylindrical LIM inductor
characteristic of a low speed LIM crosses the spees!
lower synchronous speed point when the low speédl LI
supplied by the symmetrical three phase source.

Therefore at designing the LIM and drive with thetis ~ x' — Ze1 s relative leakage reactance of cylindrical
useful to apply simplified LIM speed-force and wimdg w

chara_\cteristic expressions_ deriyed with respect QM inductor winding; X, = X_ '+ X__;

mentioned features of linear induction motor and

designed electric drive properties [9, 10].

cylindrical LIM inductor winding;

winding;

V,-V. . )
) ) ) o S= is slip of LIM secondary element;
Design of LIM according to required dynamic indices Vo

Electric drive of high voltage circuit-breaker dhal v, = 2¢f, is LIM synchronous speed;
have guarantee required speed of contacts atdlosing
instant, i.e., linear electric drive after passtdegermined
distance shall move with required speed. Discorimgct Ym
springs are used to get requires speed of contacts _
opening. These springs develop static load forcettfe ¢ IS LIM pole pitch;
motor, which usually is non-linear function of diste.

Electric drives of other commutating apparatus nmuesét ~ V, is synchronous speed of LIM;

the similar requirements. Algorithm for designing o

cylindrical linear motor according to requested gEha vis operating speed of LIM;

trajectory is presented in [4]. Here determinedaigits

indices of drive are optimized by changing numbér o, -2 is angular frequency of supplied voltageiis
turns of mdu_ctqr wmdllng. Theoreu_cal a_ssumpt'ons'permeability of inductor core:

allowing simplifying design of linear induction nuws
are given also. Nevertheless expression of forceA
developed by cylindrical LIM, can be modified assth

is conductivity of the secondary element;

is thickness of secondary element;

dis air gap between inductor teeth and ferromagnetic
core of the secondary element.
R =2 M
B(s) Detailed analysis of slip — force characteristiq (1
indicates, that dynamic indices of electric drivéshigh
ot @72 A voltage commutating apparatus can be optimized by
mlUme%— changing other LIM parameters: pole pitch, non-
where  A(S) = z g S, ferromagnetic conducting material of secondary eletm
21, (copper, brass, bronze, etc.), thickness of thisenad,
, 2 non-magnetic air gap between inductor teeth and
[(5)2 2 VMM OT A ferromagnetic core of the secondary element. Gépeda
B(s) _[(Ri) +(X“1) le]{ 2 Ej st block diagram of algorithm for design of linear urtion

T
) motor is presented in Fig.1. According to this aildpn,
: A \2 N2 . .
+2R1xmw_wls+(Rl) +(xn) w, the transients of speedv(t)and distance L(t) are
a g calculated, while the secondary element of cylicalri
and: LIM passes distancel,, corresponding to instant of

circuit-breaker contacts closing. Then condition or

mis number of phases; V=V + AV, is checked, wheredv,, is allowed

Ulis phase V0|tage; Speed error. If VL:Lref < Vref — Avref parameteb(linma] is

changed by valuetx; (increased or reduced to increase
the drive speed; for example, number of turns & th
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winding is reduced but thickness of non-ferromagnet This procedure is repeated while condition
coating is increased and ettf) vV, _, >V + Ay, Vg —AVg SV SV + AV, becomes true.

mentioned parameters are changed in inverse directi

Start
Stop

Input of initial CLIM parameters,
and drive parameters
(between them L,., Vief s AV,er
andw]mmal)

Print parameters of a drive
(between them
andw]opl)

P x; =x; ¥ Ax

Calculation of CLIM force- speed
characteristic Fw,,v)

A

Calculation of drive dynamic
characteristics
v(t) andL(z) ateveryAv

yes

Fig. 5. Algorithm to design cylindrical linear induction oo
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Dynamics of linear induction drives for constructianal 1Lk L, v,

purposes Hh =HL1+ LL, }Ijl" L %”}Rl Tdt
There are a lot of modifications of mathematicaly, _Kl+ Lk ]Lyw_l_ml{lz/{|R1+d\P1/’;

models of induction motor and each one has its afea Lo Lb LL," a

application. Advanced electric drive is a mechatron _{i(q] K )}R, W T

system which contains both mechanical and eleatroni''# ~ [ #

units. Linear induction drive operates at transienhen W,

the supply voltage amplitude and frequency areawéei U'z/f—[ . (\PZ/f_kllyl/i):|Rl2+ prominl A £

or speeds vary in time. The typical examples ofiatidn ’

motor transients are: direct starting after turfy sfidden

mechanical loading, sudden short circuit, and = =§£(\y2 0y =W, 0 )

reconnection after short supply fault, behaviarirly 2 e T

short intervals of supply differential voltages wetion,

performance with PWM converter fed. Mathematical

model of linear induction drive is described bytsys of dv 1

nonlinear equations with varying in time paramefédg. dt E(F - FL)’

This model is called model in phase coordinateesyst
For simplification of solution, Park transformati@nd
reference frames moving with different speed aredus where L,
Computer models for investigation of transientstlie

()

3)

(4)

IS magnetizing inductanceg :§|_12- L, is
m 2 1

phase coordinate system and synchronous coordinatge greatest inductance between any inductor windin
system as well as fixed to stator are developedaaad operating in the short time or the intermittent ipeic

presented in the articles [12-16] and monograph [17 modes. Model of linear

induction motor,

elaborated

The mathematical model of linear electric driveain according to equations (2, 3, 4) is presented dn i

fixed reference frame for investigation of transseewas
developed [9]. It looks like this:
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Fig. 6. Model of linear induction motor in reference frarfieed to stator
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Fig. 7 and Fig. 8 show LIM developed transient éoand Speed, m/s
speed during starting at no load.
5t
Force, N_
. 47
60
50 3
40
: 27
30 o
20} g
10t ol ! : |
NE 0 005 _ 01 0.15
H Time, s
Time, s Fig. 8.Dependence of no load LIM speed against time
Fig. 7. Dependence of no load LIM developed force against

time

Elaborated models of linear electric drive in mayvin Experimental investigation of linear electric drives
with synchronous speed reference frame and fixed to

stator show the same results [10]. They give pdigito
investigate transients of controlled and non-cdletdo
linear electric drives, operating with load or atload.

In order to prove theoretical results, experimental
stand with controlling and measuring devices was
elaborated. View of stand is presented in Fig. 9.

Fig. 9. Universal discoid stand for experimental invedtiyss of LIM
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Experiment stand, shown in Fig. 9 compripakse
control transducer and equipment to measure aratdec
transients of current, speed and dynamic force revie
used personal computer (1), pulse transducer K (2
autotransformer (3), PC with software controlling
oscilloscope and recording of results (4), digital
oscilloscope (5), aluminum disc as the secondameht
of LIM (6), tachogenerator (7) with holder (8), LIM
inductor with fastening elements (9), shunts (10)
voltmeter (11) and tachometer (12). Start-stop afoem
mode allowed investigating speed and
characteristics at different durations of motor tehing
on and off, resulting to determine required chanastics
of drive operating in concrete mechanism.

Conclusions

Results of investigation and elaboration of linear

electric drives shows possibilities to apply them

successfully in temporary equipment of power supply

sites for avoiding of damages from overvoltagesy stind
touch voltage. Horizontal and vertical transporsteyns
with linear induction drives simplify constructioof
mechanisms and provides with desired characteridtic
movement. Elaborated original computer modelsrafdr
induction drives allow investigating various comtro
modes of that and applying results in optimizingried
out drives.
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