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Abstract:The basic equations of the method of the
calculation of a switched reluctance motor (SRM) with a
passive rotor and capacity energy storage (CES), which
in thefutureis supposed to be used in asurface lift drive,
are shown in the paper. The emphasis is placed on the
peculiarities of the calculation of basic values, which
then form the basis of the mathematical model of the
design, which is implemented programmaticaly and
using which the SRM for a surface lift drive was
developed. Such a motor can successfully compete with
traction collector motors for mechanical and regulating
characteristics under the condition of higher reiability
and smaller volume of an active part.

The desgn cdculaions ae based on the
recommendations taking into account the peculiarities of the
design and the theory of dectromagnetic energy converson
in dectromechanica energy converters of the kind. The
research reaults indicate the possibility of using the designed
SRM inthedectric drive of the surfacelift.

Key words: switched reluctance motor, capacity
energy storage, U-shaped stator construction, surface lift
drive.

1. Introduction

An overhead ropeway is a hauling unit using
continuoudy circulating sted cableloop for transporting
goods in skips (ropeway conveyors), aswell as passengersin
cabins and open chairs (various agrid lifts), dretched
between termind gaionsand intermedistetowers

Fig. 1. Ropeway conveyor.

Aeria lifts are built in mountainous, rough and
difficult terrain, as well as in cities and industria
communities for transit of mountains, valleys, steep
dopes, and bodies of water. They create the most
efficient and shortest transport links. They are also the
basis of the transport infrastructure of ski resorts.

The history of aerial lifts began in the middle of the
last century, after the crestion of a cable from a stedl
wire (1834). Firg cable aerial lifts were ropeway
Conveyors.

Ropeway conveyors serve to transport mainly
different bulk cargoes and are considered to be reliable,
convenient and efficient. They are used in many
branches of industry where compete successfully with
automobile and railway means of transport.

Ropeway conveyors are divided into two main
groups. bi-cable ropeway, or the cables having two
different functions (carrying and pulling), and mono-
cable ropeway with only one rope, which does the work
of supporting and propelling simultaneoudly.

Bi-cable ropeways, in which the skips move on the
rope attached to the steel supports and are pulled by a
special hauling cable, are the most commonly used. On
the one hand, such a ropeway is equipped with a drive
station, and on the other with a dumping station.

The first passenger cableway was built in the Alps
only in the 90's of the nineteenth century. It was a
funicular, being atypeof cable railway.

Fig. 2. Funicular.
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Cable railways were the main means of travelling in
the mountains for forty years. However, the installation
of funiculars is possible only on smple and smooth
dopes. In addition, they are profitable only when used
by a large number of tourists or mounted in large
settlements. More convenient and versatile are cable
aerid lifts, which are suspended and, so, detached from
the ground.

It should be mentioned, that a few years ago, an
attempt to build a cable car in Lviv Kaiserwald Park was
made. This idea is not new for our city, since the first
cable car operated in Lviv as far back asin 1894. At that
time, the Crayova exhibition took place on the upper
terrace of Stryiskyi Park. One of its attractions, which at
the same time demonstrated the technology
achievements of those days, was automated cableway,
which lifted and lowered the cabin between the lower
and upper terraces of the park. This cableway, which
operated during the first month of the exhibition, moved
at a speed of 1.3 m/s and was about 200 m long.

The advantage of such a cable way is that it can be
built anywhere, but it has aso some serious
disadvantages. One of themis the pendulum movement of
a cabin when it isinfluenced by a strong lateral wind, and
so a collison of the cabin with supports may occur during
the operation. Moreover, such cableways are complex,
expensve and can transport only few people[6].

After the Second World War, chairlifts and surface
lifts were widely used in Europe, America and Japan.
The simplest and cheapest type of cableway is a surface
lift. They were very popularin the 20" century. In most
surface lifts, their T-bars, J-bars or platters are tightly
attached to the rope. In 1933, a detachable surface lift
was created. Its application allowed increasing speed and
carrying capacity (up to 1000 skiers per hour) [4].

Ropetows are dso widely used. They are light
portable lifts, in which the rope is tensioned between the
drive and reversing dstation (without intermediate
supports) and handles can be attached to the rope to help
grip [7]. It is designed to tow up the skiers, aswell asto
transport different skiing eguipment on the snow sl ope.
The advantages of such lifts are that they are easy to
mount, so, if necessary, their location can be easily
changed. These lifts are up to 350 m long and should be
used for children and beginners along with so-called
“magic carpets’. In addition, they are easy to operate and
environmentally friendly [4].

2. Statement of the problem

The analysis of recent literature sources and Internet
resources suggests that conventional eectric drives are
used in eectric drives of modern foreign cableways
based on the prospective replacement of three-phase
induction motors (ID) with variable-frequency control

(VFC) motord[4, 6] and, sometimes, synchronous motors
[7]. However, quite often, three-phase IMis still used,
requiring a significant power supply source to ensure the
reliable startup of cable lifts with load.

The cable lifts are mounted mainly in difficult
mountainous terrain,where it is not always possible to
supply a three-phase source of sufficient power, which
sometimes prevents the use of the IM (induction maotors)
with their multiple startup currents.

The switched reluctance motor (SRM) with
capacitive energy storages is proposed to drive a surface
lift that, in terms of mechanica and regulation
characteristics, can successfully compete with traction
collector motor for higher reliability and lower volume
of the active part. In contragt to the IM, the velocity and
energy indices of the SRM vary dightly during the
voltage source fluctuations, but the natural mechanical
characteristics of the SRM are practically the same as in
the traction eectric motors, which makes it possible to
use SRM in the eectric drive of the cabldift with limited
power supply source.

The SRM is also a mechatronics system (Fig. 3, 4),
which consist of an electromechanica converter (EMC)
performing the function of actuator, rotor position sensor
(RPS) and dlectronic switching system or eectronic
converter (EC). In many cases, EC isa so used to control
the rotation speed by the control system (CS), due to the
presence of fully controlled power elements.

EC «—— Supply source
A

F(Uk, 0)
CS — Uk

Fig. 3. Block diagram of SRM.

Fig. 4. Electromechanical converter of SRM.
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It is commonly known, that, in comparison with
traction electric DC drive, SRM has alot of constructive
and technical-exploitation factors, the most important of
which being contactlessness and reliability.

However, low energy performance of switched
reluctance motors has long been a constraint on their
widespread use. The value of the energy indices of the
SRM is determined according to the energy stored in the
electromagnetic field, which isto be dissipated to protect
transisor switches from overvoltage during current
switching in sections [10]. In [8] circuit design
oftrangstor inverters of SRM is proposed, which allow
re-use of this energy for forced current switching in
sections, while protecting power transistors from
overvoltages.

The purpose of the work is to corroborate the
possibility of using switched reluctance motors with
capacitive energy storages for the eectric drive of a
surface lift.

3. Results of computation simulation and its
justification.

The electromagnetic loads and the active zone of
the signal sector of the rotor position sensor (RPS) are
increased to improve the use of SRM. At the same
timeat different time points a different number of
sections are connected to the power supply, which
causes significant pulsations of the supply current of
the SRM, which is undesirable in the controlled
electric drives.

Improving the energy data and reducing the current
ripples of the power source of SRM allows creating a
half-wave circuit with a parale connection of the
capacitor [1, 8]. The circuit scheme of the SRM with a
paradle capacitive energy storage (energy buffer) (CES)
isshown in Fig. 5. Smilarly, it is possible to increase the
reliability of a SRM with paralld CES, replacing the
individual transstor switches and diodes of the re-feed
section with a common switch and a diode [8].The
scheme will acquire the form, which is shown in Fig. 6.
In this commutator, the control of a switch VT4 is
carried out by the signads of RPS revealing the
coincidence of the signals of adjacent channels.

Fig. 5. Transistor commutator
with paralld energy capacitors.

Fig. 6. Transistor commutator with paralle
energy capacitors and general forcing circuit.

The capacitor is charged by the circuit through the
diodes VD1 - VD3 and the diode VD4 (Fig. 7).

Thereisdradic decreasein current in the section and the
capacitor chargesto a voltage greater than the supply voltage.

A pseudo U-shaped stator construction (Fig. 4) is
applied in such a switched reluctance motor. This
congtruction provides extremely small electromagnetic
communications between the sections, which increases
the sability of electronic components and energy
performance due to the smaler length of the magnetic
force lines compared with the classical structure and,
consequently, losses in steel [5]. And, in fact, the SRM
with capacitive energy storage have practicaly the same
energy performance as those with DC traction motor.

Fig. 7. Induction of phase, performance characteristic
of switches, capacitor voltage and phase current
in teta-function of SRM with parallel capacitor.

We substantiate the possibility of using SRM with
the CESin the dectric drive of the surface lift.

The expresson for the mean vaue of
el ectromagnetic moment of the SRM [1]

the

12 DA_ K
MCEP = Zr TchTasK_;]Wz(l' COSg)' (1)
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includes geometrical dimensions (D,1,d,a,z ), daa
for windings (w,) and coefficients(K, K, that give

the possibility to analyze its value according to the
structural parameters and to compare the SRM with
other types of eectric machines by the amount of
electromagnetic moment created per unit volume. This
comparison [5] shows that with identical diameters and
lengths of rotor, a switched reluctance motorwithCES
creates approximately the same el ectromagnetic moment
asthe traction DC motor, that is, in the sense of creating
an eectromagnetic moment, it can compete with it.
Natural mechanical characteristics of both motors are
practically the same.

One of the requirements for the electric drive is, as
well, the possibility of eectrodynamic braking. Among
different breaking methods fo relectric motorstwo
methods are appropriate for SRM:

— breaking by excitation of one or more sections of
the stator winding;

—reversing [10].

Cable lifts are usually made with one, and in some
cases, two electric motorsin adrive. In this scheme, the
pulling forces from electric motors are transmitted to the
gear unit of adriving whedl.

Typically, the technical characteristics of a surface
lift show a maximum working speed of 4-6 km/h.

Thus, the power of pulling eectric motor idimited to
30-80 kW.

The design calculation of the SRM for the electric
drive of the surface lift was carried out on the
department of eectric machines and apparatus of the
computer-aided design system (CADS) of the switched
reluctance motors with capacitive energy storages [2].
The system contains the man software, 16
subprogramms and data files, has an open structure and
allows for extending and modernizing he tasks of the
development of the SRM with CES. The subprogram
prepares the necessary input data for conducting the
investigation of the electromotive drive on the basis
ofthe SRM with CES in the computer-aided research
system (CARS) for such motors [3]. In order to ensure
the possibility of the development of motors of higher
power and voltages, appropriate changes were made in
the CADS in advance.

Typical methods of devel oping the traditiona types
of electric machines are based on the choice of the order
of electromagnetic loads, the experience of which for the
SRM with CES being limited. The specified values need
to be corrected accordingly. Therefore, the theory of
electromechanical energy conversion is the basis for
calculating the motor for the eectric drive of the surface
lift with the SRM with capacitive energy storage
devices. As wdll, such design calculation is based on

comparative analysis of the torque and electromagnetic
loads of the SRM with CES and the traction direct
current electric motor. In [1], the expressions for
calculating the geometric dimensions of lamination stack
of the SRM with the CES of the classic and pseudo-U-
shaped congtructions of stator are given. However, due
to the lack of experiencein the application of SRM with
CES, it is not possible to use the practice of designing
traditional types of eectric machines by the method, in
which values of independent variables are preset
according to the previously developed machines of the
same type and power. Therefore, the choice of
independent parameters during the design calculation of
switched reluctance motor is carried out on the base of
the research results conducted a the Department of
Electrical Machines and Apparatus.

At the same time it is perceptible that for a
congtruction with a pseudo-U-shaped stator the relation
between number of stator and rotor teeth has the
following form

+
z =2, 2>m_1;
2Xm

Z,=mxy;, q=4,68..., 2

where misanumber of the SRM section.

Equation for the calculation of the external diameter
of pseudo-U-shaped stator is

D=2x 2M >{g* +q:f)
(2xm- 1)xB, xAxp xa_ XK, x1- cosg)A

» (3

is gapfluxdensty for the

whereB; = |K0>Q>A(/jz X,

m

position, when rotor and sator teeth coincide;

A:%x{g* +q;)is electric loading;

| / Disrelative stator length;

g= g:m. q; =t, 4y arerelative values of
2 4p

a commutating angle and firing angle, correspondingly.

The optimality criterion of the chosen variant was
the mechanical characterigtic and the maximum moment
that the motor could develop. As aresult of the design, a
SRM, whose cross-section is shown in Fig. 8, has been
obtained with the following parameters. nominal voltage
supply after rectifier — 540 V; useful power — 33 kW,
rotation speed 1500 rpm; efficiency — 77,2 %.
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Fig. 8. Motor cross-section.

The motor was investigated with the use of
computer-aided research system for the SRM with the
capacitive energy storages developed at the Department
of Electrical Machines of Lviv Polytechnic National
University [3, 9]. The input data for such CARSis the
output file, calculated using the designed system. Several
variants of simulation of its operation in start-up and
guasi-steady states at different loads were conducted. The
mechanical characteristics of one of them are shown in
Fig. 9. In the eectric drive of the surface lift, two such
motors are applied to replace the induction motor with
powerof 65 kW. They possess a total powerof 66 kW
and rotational speed of 1430 rpm.

n [06{xB]

Fig. 9. Mechanical characteristic of designed SRM.

The results of calculations, which are based on
known techniques used to obtain dynamic characteristics
of the surface liftswith IM and on a given mechanical
characteristic of the drive motor show that the electric

drive, based onthe designed SRM, provides the required
traction speed.

At the same time, the startup of the SRM is possible
at considerablepowerdecrease, and the starting current
practically does not exceed the nominal, unlike the
induction motors.

4. Conclusions

1. SRM with capacitive energy storages has been
proposed for the drive of the surface lift. It can
successfully compete with traction collector motors
because of its higher reliability and lower volume of the
active part, thanks to its mechanical and regulation
characteristics. Rapidity and energy performance of
SRM dlightly changed mains voltage fluctuation and
load changes, unlike induction motors, as well as natural
mechanical characteristics of switched reluctance motor
are dmost the same as in the traction motors, which
enables the SRM to be usedin the eectric cable
extraction with limited network power.

2. The SRM circuits of the trangstor inverters are
proposed, which allow re-using stored energy, which
was accumulating in the electromagnetic field during
sections switching, for speed-up switching current in
sections, while protecting the power switches from
overvoltage, which significantly increased the energy
performance of SRM.

3. Design calculations take into account the
recommendations based on the design features and the
theory of electromagnetic energy conversion. The design
of the SRM for the eectric drive of the cable surface lift
was carried out with the use of a computer-aided design
system (CADS) support developed for the switched
reluctance motor with capacity energy storages.

4. The results of the research indicate the possibility
of using such motors in the eectric drive of a cable
surface lift.
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BEHTWIbHWI JIBUT'YH JIJIS
EJEKTPOIIPUBOY KAHATHOI'O
BUTAI'Y

Bacuip Tkauyk, Irop Binskocbkuit, Jlinis Kamra

INomano ocHOBHI (OpPMYIM METOAMKH PO3PAXYHKY
BEHTWIGHHX JIBUT'YHIB 3 NTACUBHUM POTOPOM Ta 3 €EMHICHUMH
HaKONUYyBa4aMH €Hepril, sKi HaJali IUIAHyeThCSI BUKOPUCTO-
BYBaTH y INPUBOJAX KAaHATHOTO BHTSATY. 3aKLEHTOBAHO yBary
Ha OCOOJMBOCTSIX PpO3PAaxXyHKy 0a30BHX BEIMYUH, SIKI B
MO/IANIBIIIOMY  YTBOPIOIOTH OCHOBY MAaTE€MaTWYHOI Mozeni
MIPOEKTYBaHHsI, 110 peaji3oBaHa MPOrpaMHO Ta 3a JOIOMOI OO
SIKOi CITPOEKTOBAHMI JIBUT'YH JUISl IPUBOAY OYTeIbHOTO BUTSATY.
Takuii fABUTYH 3a MEXaHIYHOIO Ta  PErylTIOBAIBHAMHU
XapaKTepUCTHKaMH MOXKE YCIIIIIHO KOHKYPYBAaTH 3 TSTOBHMH
KOJICKTOPHUMH JIBUT'YHaMH, II0 BHKOPHUCTOBYIOTBCS Y TaKHX
MPUBOZIAX, 33 YMOB BHIIOi HAIiHHOCTI 1 MEHIIOro 00’ eMy
aKTHBHOI YaCTHHH. B OCHOBY IPOEKTHOTO PO3paxyHKY ITOKJIa-

JIeHO peKOMEHJalil, SKi TPYHTYIOTBCS Ha OCOOJIMBOCTSIX
KOHCTPYKIIi Ta Ha Teopil eNeKTPOMAarHiTHOrO MEPEeTBOPECHHS
eHeprii y Takux eeKTpOMeXaHIYHNUX NepeTBOpIOBaYax eHeprii.
Pesynmpratm  noOcHi[DKeHb  CBiIYaTh NP0 MOXKIIUBICTB
BHUKOPUCTAHHS CIIPOEKTOBAHOI'O JBUTYHA B EJICKTPOIPHUBOI
OYreJIbHOrO KaHATHOTO BUTSATY.

Vasyl Tkachuk — the Head of
the Depatment of Electrica
machines and apparatus at Lviv
Polytechnic National University,
Ukraine. Doctor of science,
professor.

Research interests: theory of
the  dectromechanica  energy
conversion in eectromechanical
inductor type converters.

lhor Bilyakovskyy — Ph.D.,
associate  professor  of  the
Department of Electrical
machines and apparatuses at Lviv
Polytechnic Nationa University,

Ukraine. Research interedts:
calculation, research of dynamic
modes of switched reluctance
motor.

Lidiya Kasha - PhD,
associate  professor  of  the
Department of Electrical

machines and apparatuses at Lviv
Polytechnic Nationa University,
Ukraine,

Research interests: mathe-
matical modeling of processes in
el ectromechanical energy
converter; automated design of
electrical machines; research and
design of switched reluctance
motor.





