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Introduction

A great number of companies produce linear motors
of different construction. They advertise their production
widely, for example, via internet. At present the typical
applications of LIM are: sliding doors, aluminium can
propulsion, mixer and stirrer drives, wire winding, baggage
handling, pallet drives [1], flexible manufacturing systems,
robotic systems, bogie drives, conveying systems, steel
tube movement, revolving doors, sheet metal movement,
linear accelerators, automated postal systems, ship test tank
drive, extrusion pullers, multi-motor, in-track systems, low
profile drives target movement, sewage distributors,
slewing drives, crane drives, stage and curtain movement,
scrap sorting and movement, research machines, turntable
drives, automated warehousing, flat circular motors, theme
park rides, personal, rapid transport systems.

The lager air gap of LIM determines the greater
losses. The most expedient area to apply LIM is in the
equipment with short time and intermediate operating
mode [2-4] where a drive operates in dynamic mode. To
solve dynamic problems of controlled linear electric drive
usually is used model of LIM in stationary reference frame
or in travelling with synchronous speed [5-7]. This method
can be applied for small power and small speed LIM with
assumption about symmetry of its magnetic and electric
circuit and being energized by balance three phase supply
voltages. In practice open magnetic circuit causes
asymmetry in motor phase currents and model in
transformed reference frame doesn’t fit reality. The article
discusses the model of a linear induction motor with Y
connected windings without neutral wire made for
instantaneous supply voltage. Investigation of operating
characteristics can be useful for LIM applied in equipment
with motoring and braking modes.

Mathematical model of a linear induction motor with Y
connected windings without neutral wire

In the induction motors with symmetrical windings
supplied with balanced voltage system current does not
flow in neutral wire. They can be modelled by the method
described above even if they are connected without neutral
wire [8].

If phase windings of a motor are non-symmetrical and
connected without neutral wire or if they are symmetrical
but supplied by unbalanced voltage system due to absence
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of neutral wire they must be modelled considering supply
by line voltages.

A scheme of a three-phase motor with Y connected
windings without neutral wire is given in Fig. 1.

Fig. 1. Scheme of a three-phase LIM with Y connected windings
without neutral wire

Equations for an inductor and secondary are:
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voltages of stator and rotor.

There are two independent currents in Y connection.
By Ohm’s law the third one is equal to the sum of these
two currents taken with minus sign. Therefore, one current
of equation (1) can be expressed as a sum others two. This
statement is valid for flux linkages also. If two
independent quantities are chosen, for example, currents of
a and b windings, then current and flux linkages of phase ¢

are calculated as:

{ic =iy +ip) Yo =—(¥y+¥p). 2

e :_(ia +ib)ﬂ Y. :_(Lpa +le)'



Substituting (2) to (1) yields:

. . dRY,+Y
wqc =(Rg+Re)ig+Rpip +%»
. . dlP,+2¥
Upc :RCIA +(RB +Rc)lB +w,
, o dy, +¥,) ®)
Ugye :(Ra+Rc)la+Rclb+T7
d\V¥, +2¥
Upe :Rcia+(Rb +Rc)ib +%.

Flux linkages of windings are calculated according to
formulas, presented in [7]. Substituting these formulas to
(3) and considering (2) yields:
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The system of equations (4) — (7) describes induction
motor with Y connected winding without neutral wire. To
solve it in Matlab, it is necessary to express them in the
following way:
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where the following notations are used:
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The left-hand side of the equation is expressed as:
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Electromagnetic force is calculated from
expression:
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Motor operation mode of linear induction drive

Motoring is the main operation of all LIM. Induction
motor operates at motor mode at slip 0<s<1. At this
time motor takes power from motor supply source and
transforms it to mechanical power.

Fig.2 illustrates the speed rising process at starting
LIM while time t<l s. Speed of the secondary by
exponential curve approaches to synchronous. Fig. 3 shows
the average power transferred from the motor supply
source to the motor. Average power is calculated as
instantaneous power per one period, i.e. for each period of
supply voltage is applied formula:

t+T
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t

1
T )dt . ()
During starting process power consumed from motor
supply source some tens times exceeds rated. At this time
energy is used to establish magnetic field [8]. When the
secondary of the motor accelerates up and gets its steady-
state value, the power is used to cover power losses in
windings. The iron losses in this model are neglected.
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Fig. 2. Speed curve at starting (t<1) and regenerative braking
mode (t>1)
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Fig. 3. Dependences of average power at motor operation mode
(t<1) and regenerative braking mode (t>1)
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Fig. 4. Dependences of developed force at motor operating mode
(t<1) and regenerative braking mode (t>1)
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Fig. 5. Current of the secondary at starting (t<1) and regenerative
braking mode (t>1)

Regenerative braking mode of linear induction drive

Induction motor operates in the regenerative braking
mode if the speed of secondary exceeds synchronous. If
the external force of working machine impresses the
secondary and accelerates that it is possible to fit this
condition. Graphs of the LIM variables at a regenerative
braking mode are presented in Fig. 2-5 at time instant t>1.
This situation has been modelled with setting up an
external force pointing in direction with movement of
secondary and accelerating the secondary. This situation
happens in lifting mechanisms, when the load falls dawn
and accelerates the motor. The curve of speed shown in
Fig. 2 (at t>1) exponentially rises and gets a new steady-
state value established by F-v curve. Fig. 3 shows transient
of average power which at t>1 1is negative. This
corresponds to power being returned back to motor supply
source during regenerative braking. The power can be
returned back to motor supply source if it exceeds power
losses in the motor. Dependence of developed
electromagnetic force is presented in Fig. 4 at t>1. The
process is similar to that of power. Developed
electromagnetic force is negative and exponentially
approaches to steady-state value. This negative value
shows opposite direction of force and speed due to
regenerative braking. In the Fig. 5 is shown current of the
secondary. As the speed of the secondary is greater than
synchronous, the currents flow in the secondary at
regenerative braking mode.

Reverse-current braking of the linear induction drive

Dependences of LIM variables at starting and
reversing are shown in Fig. 6-9. During a time period t<1
the starting process takes part and during t>1 — reverse
process at a changed phases sequence. The reverse-current
braking, as shown in Fig. 6, is characterized with high
efficiency. The speed of the secondary decreases to zero
during a '3 of speed rise time.
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Fig. 6. Speed curve at starting (t<1) and reverse-current braking
mode (t>1)



Fig. 7 presents the average power. The reverse of LIM
can be considered as heavy duty due to large amount of
consumed power which reaches its maximum value at the
first period of supply voltage at reversing.
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Fig. 7. Dependences of average power at motor operation mode
(t<1) and reverse-current braking mode (t>1)

The graph of electromagnetic force is presented in
Fig. 8. During reverse it changes direction and reaches its
maximum value at the first supply voltage period when the
secondary reaches synchronous speed and developed force
approaches to zero.
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Fig. 8. Dependences of developed force at motor operation mode
(t<1) and reverse- current braking mode (t>1)

The phase current of the secondary is shown in Fig. 9.
Note, that reverse current exceeds the starting that. In the
beginning of reverse a frequency of secondary current is
two times greater than supply voltage frequency.
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Fig. 9. Current of the secondary at starting (t<l) and reverse-
current braking mode (t>1)

Conclusions

1.  Developed mathematical and computer model of
linear induction motor with Y connected windings gives
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possibility to consider magnetic and electric non-symmetry
of LIM.

2. Designed computer model of LIM gives
possibility to investigate dynamic processes of motor
variables in motor operation mode, regenerative braking
and reverse-current braking mode.

3. Developed model facilitates investigation of
dynamic processes of linear induction drive at different
operation modes.

4. The greatest developed electromagnetic force at
reverse braking doesn’t exceed that at starting of LIM.
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Nagrinéjamas sudarytas tiesiaeigés asinchroninés pavaros matematinis modelis, kai jo apvijos sujungtos zvaigzde be nulinio laido.
Sudarytasis modelis leidzia tirti elektros pavary su tiesiaeigiais asinchroniniais varikliais pereinamuosius procesus, varikliui veikiant
variklio arba rekuperacinio bei prieSinio jungimo stabdymo biidu, esant vienodiems ar skirtingiems faziniy apvijy parametrams, variklj
maitinant simetrine ar nesimetrine jtampa. ISvesta formulé variklio sukuriamai jégai apskaiCiuoti. Skai¢iavimo rezultatai: variklio
sukuriama jéga, greitis, antrinio elemento kiekvienos fazinés apvijos srovés ir kiti parametrai gaunami grafiky forma. Grafikai rodo, kad
rekuperacinio stabdymo metu energija yra grazinama | tinkla. I1.9, bibl. 8 (angly kalba; santraukos lietuviy, angly ir rusy k.)

R. Rinkevifiené, A. Petrovas. Dynamic Models of Controlled Linear Induction Drives // Electronics and Electrical Engineering.
— Kaunas: Technologija, 2005. — No. 5(61). — P. 23-27.

The article deals with elaborated mathematical model of linear induction motor with Y connected inductor windings. Developed
model gives possibility to investigate transients of electric drives with linear induction motors at balanced and unbalanced supply
voltage and at equal or distinct parameters of phase windings during motor operation mode, regenerative braking mode and reverse
braking mode. Derived formula to calculate developed force is presented. Carried out program to solve the model Calculated results:
force developed by linear induction motor, speed, currents of phase windings of inductor and secondary and other parameters are
obtained in form of graphs. Graphs show that energy is returned back to motor supply source during regenerative braking. I1.9, bibl. 8
(in English; summaries in Lithuanian, English and Russian).

P. Punxspuuene, A. IlerpoBac. JlMHaMHMuYecKHe MOAEIH YNPaBJIsieMbIX JHHEHHBIX ACHHXPOHHBIX 3JEKTPONPHBOAOB //
JJIeKTPOHNKA M JIeKTpoTexHuka. — Kaynac: Texnosorus, 2005.— Ne 5(61). — C. 23-27.

PaccMaTpuBaeTCsl MaTeMaTHyYeCKas MOJENb JIMHEHHOrO AaCHMHXPOHHOTO JJIGKTPONPHBOAA M HAa OTOH OCHOBE pa3paboTaHHas
nporpamMa Ajs MCCIENOBaHMS IMHAMMYECKHX PEXHMMOB JIMHEHHOro acCHHXPOHHOIO 3JIEKTponpuBoza. PaspaboraHHas mporpamma
NO3BOJIIET MCCJIEN0BATh NEPEXOIHbIE MPOLECCH JBUIATENILHOIO PEXUMA, PEKYIEPALMOHHOIO PEKHUMa TOPMOKEHHS M TOPMOKEHHS
HPOTHBOTOKOM 3JIEKTPOIPHUBOJA C JIMHEHHBIMHM JBUraTeNsIMH IPU COEAMHEHMH MX OOMOTOK B 3Be3lly HPH CUMMETPUYHBIX M HE
CHMMETPHYHBIX HANPSKCHUAX IUTAHUSA, IPH OAMHAKOBBIX MM Pa3sHBIX OOMOTOYHBIX MHapaMeTpax (a3HbIX O0OMOTOK. BriBemeHa
dopmyna a5 pacyéTa pasBUBaeMOH JABHIraTeNleM CHIBL. PesynbTaThl pacuera: ycuiMe, pa3BHBacMoOe JBUraTeleM, TOKU BCEX 0OMOTOK
MHIYKTOPa ¥ BTOPUYHOTO JJIEMEHTA U JPYyrue IapaMeTphl MOydaloTcs B rpadudeckoil dopme. M. 9, 6ubi. 8 (Ha aHIIHICKOM S3BIKE;
pedepaThl Ha TUTOBCKOM, aHIIIMIICKOM U PYCCKOM $3.)
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