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ABSTRACT

The study is aimed at modeling a single sided induction motor (SLIM) which will accelerate an elevator of a
specified weight to a target distance with high thrust and efficiency by reducing end-edge effects on the
motors. The observable problems associated with the motors are mainly due to end-edge effects arising from
poor choices of magnetic air-gap, number of poles and thickness of the rotor aluminum. The methodology
involves developing an analytical and interactive MATLAB simulation program tool that incorporates wire
gauge variation and slot/tooth ratio (WGVSTR) algorithm. Using this algorithm the optimum values of the
three critical parameters which determine edge-end effects were determined to be 10mm for air-gap, 4mm
for aluminum rotor thickness and 4 for the number of poles of the system, and consequently the equivalent
goodness factor was calculated. Based on the goodness factor and target thrust of 27KN the desired
machine was designed and evaluated. The evaluation showed that the obtainable output thrust is 26560N
while the efficiency is 88.25% without load. Loading tests on the elevator showed an optimum load of
2280kg and a maximum load of 2430kg, while the effective machine thrust is 26530N at efficiency of
85.37%. It can therefore be concluded that a single-sided linear induction motor with short primary is a
suitable electric motor to fulfill all the demands of modern elevator system.
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1.0 INTRODUCTION

A linear induction motor (LIM) is basically a rotating squirrel cage induction motor opened and spread-out
flat. By this arrangement which forms a single-sided induction motor (SLIM), instead of producing rotary
torque as in a rotary machine, produces linear force along its flat axis. This linear force so produced is called
the thrust and depends on the size of the machine and other variables and could reach up to several thousand
Newton. Just as in the rotary counter-part, its stator is made up of steel-laminated sheets on which heavy
coils are wound on the poles to form alternate magnet poles. When these poles are being supplied with a
balanced three-phase supply they set up rotating magnetic fields. The rotating magnetic field which induces
voltage in the rotor (a plain aluminum sheet) runs at synchronous speed. The speed of LIM depends on the
winding design used and its supply frequency, and it is important to note that the linear speed does not
depend upon the number of poles as in rotary machines but only on the pole pitch. In a LIM, the rotor in the
rotary machine is replaced with a reaction plate called the forcer or mover. As it were, load can directly be
coupled to the forcer. The forcer is usually made of a non-magnetic highly conductive material backed up
with an iron plate to maximize the induced magnetism and fortify its strength. The iron plate serves to
amplify the magnetic field produced in the coil. The air gap between the stator and the reaction plate must be
very small so as to have concentrated magnetic flux density. Otherwise the demand for the amount of
current through the stator coils to sustain a particular performance will be too large. By principle, when an
alternating current (AC) is applied to the coils, a travelling magnetic wave is produced. Currents induced in
the reaction plate by the travelling magnetic wave create a secondary magnetic field. A linear thrust is then
produced as a result of the reaction between these two fields. Swapping the phases reverses the direction of
travel.

Website: www.ijiets.coou.edu.ng Email: ijiets@coou.edu.ng Page 15



http://www.ijiets.coou.edu.ng/

INTERNATIONAL JOURNAL OF INNOVATIVE ENGINEERING, TECHNOLOGY AND SCIENCE  ISSN: 2533-7365 Vol. -4, No.-1, March — 2021
A Publication of Faculty of Engineering Chukwuemeka Odumegwu Ojukwu University Uli - Nigeria.

There are two types of LIM- single sided linear induction motor (SLIM) and double sided linear induction
motor (DSLIM) (Vikas et al, 2017). Precisely, the SLIM has the advantage of less mechanical loss, better
acceleration, as well as deceleration when compared to the DSLIM (Sijitha and Poorani, 2012). Amir et al
(2010) stated that linear induction motors (LIMs) have gained more interest in industries which need to
apply linear motions, especially in medium and high-speed transportation. The main advantage of LIMs is
producing linear motion directly without any rotary to linear motion converters. The authors further stated
that absence of mechanical converters results in better performance of the motor. LIMs are used in several
different forms such as tubular linear induction motor (TLIM), (DSLIM), and (SLIM). In some applications
of SLIMs, the secondary (rotor) is cage-type or wounded rotor. The linear induction motor according to
Ashutosh et al (2017) is very useful at places requiring linear motion since it produces thrust directly and has
a simple structure, easy maintenance and high acceleration/deceleration. As mentioned earlier, since the load
could be directly coupled to the mover, the thrust generated is fully utilized.

The applications of LIM to the modern society are innumerable and can be found in the following fields and
areas: Semiconductors and electronics industry; Industry robots and Medical instruments; Machine tools,
Protection and control systems; Semiconductor plate positioning; Automatic mounting system; Plotter,
printer Lens production; Microscope platform positioning; Laser cutting machine, diamond polishing
machine; High voltage circuit board drives; High-speed transport; Factory transportation systems; Batching
systems; Vertical transport systems; Fast train drives, metro train drives; Pneumatic transport system and
flexible transport system; Package and luggage sorting machine; Elevators, buildings construct robots;
Transport systems; Computer engineering [web search: introduction to LIM pdf 2019]

The numerous applications of LIM notwithstanding, it still suffers some setbacks. The wider air gap length
gives rise to low efficiency which becomes severe with lower load currents. In addition, the discontinuity of
the magnetic circuit of the stator at both ends and the overlap of secondary width over the primary (stator)
width, further magnetic problems like longitudinal end effect (LEE) and edge effect (EE) are experienced
respectively. Both effects are referred to as end-edge Effect. According to Andrew (2005), as the amount of
secondary overlap increases, certain component of the current in the primary decreases, thus reducing the
overall transverse edge effect. It was stated however, that for many designs, this sort of overlap may not be
possible, and the overlap itself can create other problems. Sijitha and Poorani (2012) wrote that owing to the
finite length of the stator and rotor, the longitudinal magnetic field density distribution at the entry and exit
as the rotor enters or leaves the gap during the motor operation, some disturbances referred to as longitudinal
end effect (LEE) is experienced, due to unbalanced current flows in the various phases even when balanced
voltages are applied at the terminals. This phenomena can further be explained by the fact that linear
induction motor has two ends and thus finite in length which is referred to as the active length of the motor.
For long distances these active lengths are joined to obtain the desired length. The LEE is thus experienced
at those joints.

Andrew (2005) further wrote that end effects are described as one of the biggest negative factors in high-
speed LIM efficiency, stating that the LIM has an entry and an exit end, as opposed to a closed air-gap
common to a rotary induction motor. This is the reason why LIMs have this inherent end effect
phenomenon. The consequences of these effects could be worsened by incorrect number of poles selection;
shift in precise air-gap, poor secondary material and improper rotor aluminum thickness, etc. (Sarveswara,
2005), stating that the main consequences of LEE-EE appear in the forms of an increase in secondary
resistivity, a tendency toward lateral instability, a distortion of air gap fields all of which lead to a
deterioration of the LIM performance. This discontinuity in the magnetic field of the LIM cannot be helped
but can be compensated since basically the machine is usually linear and come in either short primary or
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short secondary types as illustrated in figures 1la and 1b. Either way, the secondary and the primary are
separated physically by air-gap.
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Figure 1: (a) Short Primary LIM (b) Short Secondary LIM.

One of the reasons linear motors have not been adopted for a large number of linear motion applications is
that they have a history of poor efficiencies and low power factor due to longitudinal end effects and this has
restricted the progress of linear motor development (Sijitha and Poorani, 2012; Amir et al, 2010; Manpreet,
2010; Ashutosh, 2017; Shiri, 2012) of which EE and LEE are among the contributing factors.

In tackling the problems that affect the performance of linear induction motors many researchers have
introduced different objective functions as recorded in literatures to minimize one particular deficiency or
another to improve LIMs performance. In one of the approaches, one or more parameters could be chosen as
the objective function(s) depending on the area(s) that need to be optimized. In Manpreet et al (2010) the
size of air gap has been considered as main objective function. As a matter of fact, according to Sarveswara
(2005) air-gap has a lot to play in the performance of LIM because it is the only link to complete the
magnetic circuit generated by the moving magnetic field. The closer the air-gap, the better is the machine
thrust and efficiency. However, due to the nature of LIM’s geometry there is a limit to which the gap can be
reduced unlike in the rotary machines which have much closer gaps. In the work of He et al, (2018) pole
number and thickness of aluminum were considered. Though to some limit, the thicker the sheet the better
the output thrust and force.

In Sijitha and Poorani (2012), the evaluation of linear induction motor was analyzed in the sense of
performance by considering maximum parameters, which affects the efficiency. The review is analyzed in
two districts criteria based on equivalent circuit model designing and control strategy. In circuit model
designing, the transverse end effect is mostly discussed rather than longitudinal edge effect, skin effect,
correction factor, power factor, etc. Since end effect are the major cause that leads to increase losses.
Transverse end effect depends upon air-gap distance and magnetic field distribution between primary and
secondary, which is discussed with various finite element methods. By controlling the linear induction
motor, the losses can be reduced to improve the efficiency of single sided linear induction motor which is
simple in design, low mechanical loss, high acceleration, and deceleration than other traditional motors.
Finally, with much collaboration of many suggestions a proposed method is provided for various
applications. He et al (2018), presented optimization of SLIMs for mid-low speed maglev train with
velocity of 160 km/h, using a variable slip frequency control method for the SLIM. With a lower slip
frequency at start-up, the SLIM has a larger starting traction force. At high velocity, a higher slip frequency
is used, and a larger motor power is realized. The train acceleration performance is optimized without
additional space, mass and cost. This control method can also be applied to other maglev trains driven by
SLIMs. 3D FEM was used with slip frequency of 13.7 Hz, the calculated thrust force at start-up is 2720 N.
Bhattacharyya (2016) work was initiated by the need to improve the line power to meet the need of the local
industries with large number of linear motors. The star/delta switching method was incorporated to the
motor lines to take care of the current surges. The consumption was reduced to a reasonable level but
demands a lot of automatic switches.
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Hyung-Woo (2017) demonstrated how the end effect of a linear induction motor affects LIMs at high speed
operation. The work did not consider the exit part of the primary extensively because of its minor effect.
However, the exit part is one of the keys to weaken the dolphin effect which occurs in high speed operation.
In the work, the concept of the virtual stator core was introduced, including the chamfering of the stator
teeth in other to minimize the longitudinal end effect at the exit zone. The LIM to be applied in the high-
speed train was analyzed by using finite element method. The results showed that chamfering is another way
of improving output thrust of the machine. Xu et al (2018) proposed a novel two-axis equivalent model for
SLIMs and a field control strategy having compensation technique. To evaluate the causes of edge-end
effect, two axis equivalent models were implemented. The simulation result displayed that magnetic
inductance was reduced to 55% by compensating for the end effect at rotor speed of 20 m/s and analysis was
made. However, there was reduction in efficiency and losses were minimal.

In the work of Fujii and Harada (2013), LEE in SLIM with a system known as the Ladder type secondary
was studied. The system presented a factor as a measure for the LEE intensity which helped to reduce the
magnetic value of LEE. Lingamurty (2018) presented and described the procedure for the design of a linear
induction motor (LIM) which will accelerate the secondary (aluminum sheet) with a specified mass at the
required acceleration through a target distance. The model which was a (SLIM) of specified parameters was
constructed using a user-interactive MATLAB program. The machine design, performance equations and
procedures were developed. Its objective performance was predicted using equivalent circuit models. By
using the iterative procedure of the design algorithm the optimum design parameters were obtained,
choosing various design parameters. Finally, the performance objectives for values of thrust, rotor
acceleration, rotor thickness and slip were evaluated. Abbas (2017) presented how the longitudinal end
effect influences performance of machine at high speeds and deteriorates the performance by producing
braking force. Using Duncan equivalent circuit model, a new analytical equation was presented to model the
end braking force. Applying the proposed equation and taking cognizance of all phenomena involved in the
single-sided linear induction motor, a design procedure was presented and the effect of different design
parameters on the objective performance was analyzed. To maximize efficiency and power factor, as well as
to minimize the braking force due to end effect, a multi-objective optimization method based on genetic
algorithm was chosen. Finally, a 2D finite element method was applied for validating the optimal results.
Sadauskas et al. (2018) investigated the magnetic field distribution of the of LIM within the airgap and
outside of the inductor’s limits in cases of three-phase asynchronous linear induction motor and single-phase
linear capacitance motor. The work was necessitated by the need to strengthen the magnetic flux lapses in
the teeth gaps in other to increase thrust. This was achieved using the FEM simulated in MATLAB. The
thrust and efficiency was recorded to have been improved.

Haroutuon et al, (2009) presented the dynamic behavior of LIM by a mathematical model taking into
account the longitudinal end effects and the core losses. The end effects were taken care of by introducing
speed dependent scale factor to the magnetizing inductance and then a factor to the series resistance in the d-
axis. The actual parameters were obtained using equivalent circuit model. Simulation results presented
showed the validity of the model during both on no-load and in sudden load change intervals. However,
thrust force oscillations caused by end effects were observable in the LIM. Alwash et al, (2016) presented
finite element analysis applicable to all forms of sheet rotor, helical motion induction motor, cylindrical,
linear induction motor as well as tubular induction motors. The analysis considered the longitudinal and
transverse end effects. Included also were skin depth and finite sheet thickness. The simulation result
displayed detailed space profile of the variables. The formulation results were gotten from a set of linear
equations which were solved by point relaxation method. The solution algorithm employed power mismatch
and the results validated using FEM. Oriano (2017) researched on the analysis of electric and magnetic
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quantities of SLIM. The measurement results were compared with that of advanced FEM code and the result
was satisfactory in agreement. The investigation was to find out accurate numerical models for the analysis
of edge-end phenomena occurring in electrical induction motors. Mirsalim (2017) presented an optimized
simulated model of a linear induction motors, using the finite-element method (FEM). The optimized model
considered special phenomena in linear motors such as transverse edge effect, longitudinal end effect, and
magnetic saturation of the aluminum back Iron. First, the level of magnetic saturation was computed by
calculation and then by iterative method. Then, the equivalent circuit parameters were gotten using the FEM.
Finally, the end effects were compensated using the Duncan model. A comparison was carried out between
the optimized model and the existing model and the optimized model was found out to be better both in
efficiency and thrust.

Srivastava et al, (2018) presented a work on the five-layer Fourier transform model of SLIM to assess the
effect of double air gaps. To predict the performance, a Fourier-space using Parseval’s theorem was adopted.
The investigation also includes the effect of the additional gap on thrust and normal force. The study was to
control the effect of double gap so that its effect on the constant current will not affect performance of the
SLIM. The performance of the optimized model showed improvement with larger additional magnetic gap.
Jawad (2017) worked on the accurate modeling of a single-sided linear induction motor in his work that
considered the end effect and equivalent thickness of aluminum sheet with a back Iron plate. Analysis was
made using the technique based on the equivalent circuit model. 1D and 2D dimensional field analysis was
used to predict performance characteristics for the SLIM. A new idea was introduced in this technique to
account for the end effect. Again, the simulation outcome by this technique depicted a better agreement with
the experimental results. To predict the sensitivity of the performance characteristics to various parameters
this analytical model may be used. Koushik, 2018 studied a single sided LIM model with reduced slots and
implemented it in both software and hardware. The software implementation was done using MATLAB and
Proteus software tools; and its hardware model was implemented and tested in an Electrical Machine Design
Laboratory. In the paper, the dynamic behavior of the motor was illustrated and obtained results confirmed
its regenerative braking mode.

In the measures adopted so far in improving the performance of single-sided linear induction motors no
researcher has considered the longitudinal end effects and edge effects with respect to elevators. Aye et al
(2018) achieved the best optimization of the motor with respect to elevators at the present but the work did
not consider the longitudinal end effect (LEE) and the edge effect (EE) in its optimization. More so, the
work was further characterized by poor choice of number of poles, air-gap that is not critically precise, and
improper gauged rotor aluminum size. An iterative WGVSTR/MATLAB software programme algorithm is
adopted in this paper for compensating for the end-edge effects and choosing the optimum parameters
needed for the desired optimization.

2.0 METHODOLOGY

This section involves developing an interactive algorithm known as Wire Gauge Variation and Slot/Tooth
Ratio (WGVSTR) algorithm for determining the equivalent goodness factor which is a global merit factor to
measure the ‘goodness’ of an electric motor. This merit factor compensates for these end-edge effects to a
great extent. The product of slip (s) multiplied by goodness factor determines the ultimate performance,
power factor, efficiency, peak thrust and optimum operations of slip values for each specific design (Stephen
and Darin, 2020). Using the algorithm, the goodness factor of the proposed single-sided linear induction
motor for the elevator is determined. The program for developing the algorithm and determining the
goodness factor is written in MATLAB. Figure 2 shows a 3-D arrangement of a SLIM.
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Figure 2: A 3-D arrangement of a SLIM showing air-gap, rotor thickness and poles.

Fig. 2 illustrates the 3-D geometry layout of a typical single sided induction motor (SLIM), identifying the
clearance between the rotor and the surface of the stator poles called the air-gap. The rotor aluminum
thickness and poles are also depicted in the diagram. In fig. 3.1, the stator is longer in length while the rotor
is shorter as shown. This arrangement is called the “short secondary” SLIM. When the rotor is longer than
the stator, it is called the “short primary” SLIM as shown in fig. 3 where the stator/primary carries the
elevator cabin and the rotor/secondary is stationary and runs the whole height of the building. Other
mechanical arrangements (not shown) are made to ensure smooth and secured running of the cabin.
According to experts, a set of guided mechanical wheel tracks is sufficient to eliminate small lateral forces
trying to sway away the cabin.

The ‘short primary’ and ‘short secondary’ concepts are of the same principle of operation but differ in
applications. The arrangement of the air-gap between thickness of the rotor aluminum and the poles shown
in fig. 2 is typical of all LIMs. Three-phase external connections are also needed to set up the moving
magnetic field.

This paper adapted the ‘short primary’ configuration for the following reasons: It saves the cost of the
voluminous copper required for a lengthy stator covering the entire length of the rising building, the
force/thrust generated by the cores of the stator is fully utilized in the mechanical energy required for the
elevator movement because the cabin is directly coupled to the stator and finally it is less complicated as
many electrical connections to the core phases of a short secondary formation are avoided, etc.
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Figure 3: Hllustration of short primary SLIM in elevator application.

2.1 The Wire Gauge Variation and Slot/Tooth Ratio (WGVSTR) Algorithm
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The Wire Gauge Variation and Slot/Tooth Ratio (WGVSTR) algorithm for determining the goodness factor
is developed in this paper and its computer program written in MATLAB software. The algorithm is
depicted as fig. 4 in form of flowchart.
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Fig. 4: Wire Gauge Variation and Slot/Tooth Ratio (WGVSTR) Algorithm
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2.2 Derivation of Equivalent Goodness Factor G.; for Compensating For LEE and EE Usually, in the
making of SLIM motors, the width of the primary stack is made less than the width of the secondary
arrangement in other to maximize the total flux density developed by the stator/primary. This will result in a
physical feature called transverse edge effects (EE). Similarly, the longitudinal End Effect (LEE) is as a
result of the discontinuity of the primary field at the ends since linear motors have finite length unlike the
rotary type that is continuous. Due to this, the transverse and longitudinal components of current densities
exist, consequently increasing the secondary resistance R, by a multiplication factor ki, and also, reducing
the magnetizing reactance by a multiplication factor kim ( Gercek, 2011; Nasar and Boldea, 2007;
Sarveswara, 2005).

Where:

ke = ()11 + £

Where, k. .na k, are longitudinal end effect coefficients on both sides of the motor, S and G are Slip and
Goodness factor respectively.

SGKyyo

11 [1+(s267)] < 1 1)

m — (kr/kx)ktr <1 (2)
kr = 1= Re[(E ) tanh(559)] @3)
kx — 1 + R [((SG+1)ZSG/1t)t h(aWs)] (4)

Slot pitch At is given by

A =1/[1+ J jSGtanh () tanh(r/z(c — W;/2)] (5)
Where slot angle a is given by
= ZV1+SG (6)

The pitch factor k,is given as:

kp = S [1/(uibigokc)] @
Where g,is the air-gap, p;is permeability of iron, and k.is Carter’s coefficient

8= Re [14% + j2nfuy(Su/ker)}V?] ®)

Keri ~ 1/[1 = () tanh (52)] 9)
In terms of skin effect conductivity a,, G can be expressed as:

G = uof10,7*d) /{kikgck (1 + kp)} (10)

gei = (1 + kp)go (12)
And cei Equwalent conductivity of rotor conductor expressed as

Op = o - 2L (12)

ksiktr kirid

And equivalent Goodness Factor G,; as
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2 .
Gy = 20f1T70cid (13)

TtGei

o = Actual Conductivity of rotor conductor
oe = Conductivity due to skin effect

T = Pole pitch

o.; =Conductivity of rotor conductor (eqv.)

Also considering the edge effects Sarveswara (2005), the equivalent circuit parameters of the SLIM model
can now be represented as shown as in fig. 5.

I —_— Iz

?:—: " +
R1 X1 Im

=+

V1 = Supply veltage Xm Dl % E1=Induced
- Zei voltage
T Gei

< -

Figuer 5: Per-phase SLIM equivalent circuit.

The factor ge in the magnetizing reactance Xm is replaced by gei and the goodness factor G in the secondary
resistance R2, is replaced by Gei so that the per-phase magnetizing reactance X,,, and per phase rotor

resistance R, now becomes:
_ 24pgmfWsKywNiT
Ay (14)
Where, gei is the equivalent air-gap; f = supply frequency; W,= Stator width; K,, = Winding factor; N; =
Primary winding and t = Pole pitch. Then:

R, =im (15)

Gei

So that the primary phase resistance R; and leakage reactance X, are given
by the following expressions:

R]_ — pW(ZWSt{ZlCe)lel (16)

Where pw = Copper volume resistivity; W, = Stator width; [, = End connection wire length; J; = Stator
current density; N; = turns in primary; and I; = Estimated input current.

The Slot leakage reactance per phase is given by:

X, = 8uomf [(As (142) + A CD) + Aol N7 (17)
Where
As(slot pitch)=hs(1+3K,) /12W; (18)
p = number of poles and g, = per phase slot/pole
Ae=0.3(3K;,-1) (19
Aa=5(ge/Ws) /{5+4(g0 /Ws)} (20)
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The new goodness factor is now given by

_ 2uoft?
Gei - n_(%)ga (21)

Where, gei is the equivalent air-gap and G,; is equivalent Goodness factor

According to Nasar and Boldea (2007) all specific LEE and EE phenomena are incorporated in gei and cei,
(13), (15) and (21) which are functions of primary current I, and slip frequencys,,. Further, for low speed
LIMs, the expression of thrust and normal force become simplified. Thus, the total thrust Fs may now be
written as

_ 3I3R,
Fs = (s2tf1)

= 3I2R,/(S2tf; | (5)? + 1 (22)

Neglecting the iron losses, the efficiency » and power factor Cos® are:

_ F2tf1(1-5)
Fs2Tfy+3R,1?

(23)

3Ry 17

Cos® = F;2tf; + il

(24)

The aforementioned derived formula, when applied has taken into account to some reasonable extent the
degrading effects of LEE and EE.

However, in the low speed region application, as applicable in this paper, the normal force is attractive
(positive), but for high speed applications, it may become repulsive (negative) (Nasar and Bolden, 2008).
The normal force Fn as expressed in egn. (22), is composed of an attraction component and a repulsion
component. It is an advantage to the low speed applications and therefore, since the proposed SLIM model
operates on low speed region applying expression (22) for its improvement would have a positive force
which will enhance its stability.

The final expression for F,, according to Nasar and Bolden (2008) is given as:

Fo = Wyo it 11— (%) 905G}’ (25)

2 2
thgei(1+SzGei

Where:
o =Actual Conductivity of rotor conductor; oe =Conductivity due to skin effect; oei =Equivalent
conductivity of rotor conductor; T =Pole pitch, S = slip, frequency=f, Gei= Equivalent Goodness Factor.

Hence, having obtained the expressions for calculating the values for Gei, Fn, n and, Cos® in which the LEE
and EE effects are considered, the algorithm of fig. 4 is used to design the elevator system.

3.0 DESIGN OF SLIM FOR ELEVATORS WITH REDUCED EDGE-END EFFECTS

In this section the proposed SLIM for elevators is designed with a goodness factor obtained from reduced
edge-end effects in the motor.

3.1 Design Specifications

-Target thrust =27KN
-Rotor Speed =10m/s
-Phases m (number) =3

- Line- voltage (Vline) =450V
- Supply frequency (f) =50Hz

- Poles p (desired no.) =
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- Slot/pole/phase number (q1) =1

- % of Rated slip (S) =10%

-Standard Wire Gauge =#5

-Slot/tooth width ratio =0.7
-Efficiency =1,=89.564%

The constant parameters are shown in table 1 below.

Table 3.1: Constant Parameters

Permeability of free space, po=4nx10~7 H/m
Volume resistivity of Copper, pw =19.27x 10~° Om
Volume resistivity of Aluminum, pr =28.85x107° Qm
Stator current density, Ji = 6A/mm?
Maximum tooth flux density, Btmax =1.6Tesla
Maximum yoke flux density, Bymax =1.3Tesla
Coil span in electrical radians, Op=n

Number of slot per pole per phase, gl=1

Aluminum thickness, d=3mm

Width of stator, Wst =1000mm
Mechanical air gap, gm =5mm

3.2 Loading Effects on the Elevator System

The loading effect on the proposed machine is examined to observe the possible variations on its parameters
and on the established performance objectives- Thrust and Efficiency. The elevator’s actual dimensions as
specified are used in the simulation.

3.2.1 The Elevator’s specified Physical Attributes.

The elevator’s physical attributes include:

Size of cabin, (height xlength xwidth) =2.5m x2mx1m= 5mm?
Total weight of cabin and bearing, cabinw = 500kg

Number of passenger in one cabin, np =5

Average weight of each passenger, passenger = 75kg

Figure 6 shows a typical dimensioning of a SLIM showing the stator tooth width wt, and heights Hs; yoke
height hy, and slot width, ws. The magnetic air-gap is the sum of the physical air-gap and the aluminum
thickness.
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Figure 6: Typical Dimensioning of a SLIM Elevator

3.2.2 Calculating the Total Mass of the Moving System
So making use of L, W, and h,, in fig. 6, where L is stator length=450; W, is stator width =600 and h,,is
yoke height=12.5. The volume of the stator yoke (Aye et al, 2018) is found by:

Vyoke = LsWsthy(mm)3 (26)

=450 x 600 x 12.5= 3375000 (mm)3

The volume of one tooth of the stator is gotten from:

Viooth = WiWsths (mm)3 (27)

= 15.8 x 1000 x 32.72= 832660 (mm)3.

Where W, is the tooth width.
The volume of the total uniform-sized tooth is calculated thus:

Vieeth = MPq1-Veoorn (mm)* (28)

=3 x 4 x 1 x 832660=9991920(mm)3

Where m is the number of phase=3; p is the number of poles=4; g, is the slots in the stator.
Therefore the volume of iron core (made of copper) in the stator is

Viron = Vyoke T Vieetn (mm)? (29)

=3375000 + 9991920= 13366920(mm)3

Having found the volume of the entire iron core, the total weight of the entire iron core in terms of the
volume is given as:

Wiron = PiViron (KQ) (30)

=.000000097 x 13366920=1.2968

The weight of copper wire is found thus:

I/Vcopper = pcopperAwirele (Kg) (31)

=1.72x1078 x (3md?)x 650=0.00000187265 kg

Where p.opper 1S Volume resistivity of copper, Ay is the cross-sectional area of wire= jwd? and, Ty, is
total length of wire =650m; d is wire diameter=4.62(mm) (Appendix B Table B1 refers)
The weight of one stator unit is W40, and consists of iron core and copper wire and is obtained using:

Witator = Wiron + Weopper (32)

=1.2968 + 0.00000187265 =.0.002428kg

The number of the primary units needed for a specified cabin is estimated using:

_ Reapin
Nstatorunits = 1.2Lg (33)

= {2500/ (1.2 x 450=540)} = 4.6 = 5 units
Where h,qpin 1S the height of cabin=2.5 m; and L; is stator length=450mm.
The total mass M, of the whole rising system (elevator) has to be determined from this expression:
M, = np vaassengr + NunitsWstator Weabin (34)
= (5x 75) + (5 x 0.002428 x 500) =2.2767 + .006071 = 2280kg
Where Wqpin is total weight of cabin and bearing=500kg, n, is number of passenger in cabin =5; and
Wpassanger 1S average weight of each passenger= 75kg
Therefore the total mass of the moving system of the optimized machine is 2280kg and to be move by a
thrust of 26580N at 10% slip and rotor velocity of 10m/s.

3.2.3 Effect of Elevator Loading on Thrust and Efficiency
Having obtained the total mass of the moving system (2280kg), the effects of loading on thrust and
efficiency of the optimized machine is performed. The rotor speed is fixed at 10m/s at a slip of 10%. The
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machine thrust at 26560KN and efficiency of 88.25%. The loading of the elevator is taken in 6 steps of 75kg
(which is the given approximate weight of each passenger). At each step, the stated average weight of each
passenger (75kg) is added to that of the cabin and its bearing (500kg) to obtain the cumulative weight of the
rising system at that stage. The effect of each loading is recorded and the changes in the following

parameters are noted: input power, output power, power factor, thrust and efficiency.

4.0 RESULTS AND ANALYSIS
Based on the design specifications of section 3.1 including the constant parameters, and the WGVSTR
algorithm of fig.4, the optimum input variable parameters of the elevator and the corresponding output
parameters are obtained as shown in table 2.

Table 2: Elevator Parameters Obtained With Reduced Edge-End Effects

Description Symbol

Value
1 flux density in Yoke (tesla) Bymax 1.3
2 flux density in tooth ( tesla) Btmax 1.6
3 No. of Slots per pole per phase q1 1
4 Synchronous velocity (m/s) Vs 11.2
5 Rotor speed (m/s) ' 10
6 No of poles chosen p 4
7 width of core (mm) Ws 600
8 length of stator (mm) Ls 450
9 Pole pitch of motor (m) T 1847
10 Slot pitch (m) A 1
11 Target thrust value (N) Fs ’ 27000
12 Turns per phase N1 24
13 Turns per slot Nec 6
14 Thrust based on N¢ FNc -
15 Size of wire copper winding AWG #5
16 Size of slot depth (mm) hs 32.72
17 Diameter of wire without insulation (mm) Dw 8.42
18 Size of slot width (mm) Ws 155
19 Size of tooth width (mm) Wi 15.8
20 Slot width / tooth width ratio Ws /W, 0.98
21 Minimum tooth width Wtmin 17.06
22 Stator yoke height (m) hy 12.51
23 Actual thrust generated at specified Vr Fs2 26560
24 Output power at rated Vr (KW) Pout 59.251
25 Input power at rated Vr (KW) Pin 67.122
26 Actual stator RMS current value (A) I1 221.604
27 Actual current density (A/mm?) J1 6.5
28 Stator efficiency at rated Vr (%) n 88.254
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29 Parallel wires in one turn of core winding Np 6
30 Total Area of slot (cm?) As 3.13
31 Final Power factor Cos @ 0.47

From table 2, it can be seen that the actual output thrust of the elevator is 26560N which is less than the
target thrust of 27000 by 440N at rated rotor speed of 10m/s and Slip of 10%, achieving an efficiency of
88.25%. However, this was possible with 6 number of parallel wires, with current density of 6.5A and with
slot width of 15.5mm to a tooth width of 15.8 mm. The slot width to the tooth width ratio is 15.5/15.8=0.98.
The power factor is 0.47, sloth/tooth width ratio of almost 1.0 and the efficiency is 88.254%. These
parameters are good enough for one to conclude that performance of the elevator will be satisfactorily when
practically implemented.

4.1 Performance Evaluation of the Elevator

In this section some of the parameters that influence the EE and LEE, namely: (a) thickness of rotor
aluminum sheet (b) length of magnetic air-gap and (c) the number of poles are varied to determine the
magnitude of their influence on the output parameters of the elevator.

4.1.1 Effect of Varying Aluminum Thickness on the Performance Parameters

f=
"
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!

THRUST Fs (N) x 1000

10
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0 2 4 6 8 10 12
ROTOR VELOCITY Vr (m/s)

Figure 7: Effect of the secondary (aluminum) thickness on the thrust of the machine plotted against rotor
velocity at a rated slip of 10%, a desired rotor velocity of 10m/s and target thrust of 27000N.

Fig.7 depicts the changes in thrust of the machine as the thickness d, of the aluminum sheet which forms the
secondary unit of the machine is varied from d=1mm to d=5mm (where d is the thickness). It could be seen
from the Goodness factor equation (21) that the thickness d plays a vital role in the performance of SLIM as
it shows that the larger the thickness d the greater is the goodness factor. As it were, the thicker the sheet the
greater becomes the magnetic gap which is undesirable because the desired magnetic flux density would be
reduced. However, the allowable aluminum thickness must be strong enough to withstand the forces
generated. Table 3 shows the performance parameters at the desired rotor velocity as aluminum thickness is
varied.

Table 3: Aluminum Sheet Thickness Effects on Thrust and Efficiency at Rated Rotor Velocity

ALUM. THICKNESS (mm) THRUST (N) EFFICIENCY (%)

1 24349 88.56
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2 24665 89.16
3 24932 83.82
4 26560 88.25
5 24765 85.82

In Table 3, it could be observed that as the aluminum thickness is increased in size, the thrust value
increases and the efficiency decreases. However, the trend changed when the thickness is 5mm due to
magnetic saturation and no further increase in thrust as the aluminum thickness increases.
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Fig 8: Effect of varying Aluminum thickness on efficiency of optimized machine plotted against rotor
velocity at a rated slip of 10%, a desired rotor velocity of 10 m/s and target thrust of 27000N

In fig. 8 and Table 3, it could be observed that the magnitude of thrust increases as the aluminum sheet
thickness increases. The implication of such increase to achieve more thrust is that the magnetic air-gap is
equally increased which in effect decreases the thrust. The efficiency is not much affected as the sheet
thickness is varied. It could be observed that the various sheet thicknesses have almost the same efficiency at
slip value of 10% and rotor speed of 10m/s. From the characteristic curves of the various aluminum sheet
thicknesses as depicted in figures 7 and 8, the greatest thrust is generated by 4mm aluminum sheet thickness
at the rated rotor velocity of 10m/s at a slip of 10%. Therefore, at such fixed slip and rotor velocity, 4mm is
chosen as the best gauge which would deliver maximum thrust at an appreciable efficiency of 88.25%.

4.1.2 Changing Number of Poles on the Optimized Machine

Table 4 shows the readings obtained when the number of the machine poles are changed. It could be
observed that as the number of poles increases, the thrust for a given rotor velocity and slip increases. As
noted earlier, the increase in number of poles reduces end-effects (EE) because the loss resulting from EE
would be shared by the increased number of poles consequently resulting to better performance of the
SLIM. So it might be deem advantageous to have machines designed with many poles. However, the
implication is that such linear motor will be infinitely long for a given synchronous speed and frequency.
That’s why there must be a compromise between the pole number, length of machine and motor
performance.

Table 4: Result Showing Effect of Changing Number of Poles; Machine Length and Performance.
| No of Poles | Length of Stator (m) | Thrust (N) | Efficiency (%) |
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2 0.5443 18546 91.455
4 0.8672 26560 88.254
8 1.2976 32434 76.543

From the figures in Table 4, it could be observed that the thrust increases as the number of poles increases
given a specific slip and rotor velocity. It could also be observed that the length of the stator increases with
number of poles and that becomes a constraint if the synchronous speed and frequency are assumed to be
constant. Therefore a compromise must be reached between thrust and efficiency with increased number of
poles.
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Figure 9: Characteristics of changing number of machine poles on thrust performance.

From fig. 9, with P=4, the generated thrust is 26560N while with P=2 and P=8 result to 18456N and 43564N
respectively. Hence P=4 is chosen for the optimization as its thrust is closest to the target thrust.
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Figure 10: Result of changing poles on the efficiency of the optimized model SLIM plotted against rated
rotor velocity and Slip for the design in table 4

Figure 10 depicts the change in number of poles on machine efficiency. It could be observed that the
efficiency decreases as the number of poles are increased. However, P=4 gives not only a good efficiency
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but also a thrust closest to the target thrust. Hence P=4 is chosen for the optimization as its thrust is closest
to the target thrust.

4.2.3 Effect of Changing Air-Gap Dimension on Performance

Table 5: Effect of Varying Air-Gap on Performance

Air-gap (mm) Thrust (N) Efficiency %
5 32240 91.22
10 26560 88.25
15 25434 84.44
20 32542 83.42
25 25456 78.34
30 24423 82.35

Table 5 shows the readings of the effect of varying the mechanical air-gap gm on thrust and efficiency. It
could be observed that as the air-gap increases, both thrust and efficiency decreases. This is due to the fact
that the magnetic flux density in the gap becomes weak as the distance between the poles and the rotor is
increased. The closer the air-gap is, the better the thrust and efficiency. However, this is limited by design
parameter choice and machine performance objectives.
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Figure 11: The effect of air-gap variation on thrust keeping other variables constant

Figure 11 shows the characteristics of varying the mechanical air-gap of the optimized model from 5mm to
30mm keeping other parameters constant. It could be observed from fig. 11 that the thrust decreased from
32240N at efficiency of 91.22% to 25434N at efficiency of 84.24% as the air-gap increased from 5mm to
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15mm respectively and suddenly rose to 32542N at efficiency of 83.42% as the air-gap was increased to
20mm. The downward trend of thrust then continues when the air-gap was increased to 25mm vyielding a
thrust of 25456N at efficiency of 84.24% and to 30mm which yielded a thrust of 24423N at efficiency of
82.35% respectively. The sudden increase of thrust at 20mm thickness could well be due to hysteresis effect
of the stator coil as the magnetic field reaches saturation and the reactive inductance drops but continues in
opposite direction as it stabilizes.
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Figure 12: The effect of air-gap variation on efficiency

Table 5 has given an insight of what happened in Fig 12. From the reviewed works, it is gathered that the
length of the air-gap is a very important factor in LIM design. As it were, a greater amount of magnetizing
current is required in large air-gaps and that leads to poor power factor and decreased efficiency. Practically,
for LIMs, the losses at the ends of the motor (LEE) tend to increase with large air-gaps. Apart from that,
output thrust and efficiencies are affected in machines with large air-gap. Hence, from the characteristic
curves in fig. 12, 10mm is the closest to the target thrust at an appreciable efficiency of 88.25% and
therefore chosen as the best value for the optimized machine.

4.2. Effects of Loading on Thrust and Efficiency of the Elevator
Table 6: Effect of Loading on Thrust and Efficiency

Parameter Stepl (One | Step 2 Step 3 Step 4 Step 5 (Five | Step 6 Step 7 Step 8

Description Passenger) | (Two (Three (Four Passengers) | (Six (Seven (Eight
Passenge Passengers | Passenge Passenge Passengers | Passengers
rs) ) rs) rs) ) )

Weight of 75 150 225 300 375 450 525 600

passenger(s) at

75(kg) per

passenger

Weight of 1680 1680 1680 1680 1680 1680 1680 1680

Rising Unit

Without

Passengers (KQg)

Weight of 1755 1830 1905 1980 2055 2130 2205 2280

Rising Unit optimal maxi-

With Passengers mum

(kg)
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Effect of 26560 26560 | 26560 26560 | 26560 26555 | 26530 24500
loading on
Thrust (KN)

Effect of load 88.25 88.25 | 88.25 88.25 | 88.24 87.28 | 87.25 60.22
on Efficiency
(%)

Table 6 shows the result of the simulation to find out the effects of loading on the machine’s performance
objectives namely the thrust and efficiency. The total weight of the rising unit without the passengers =
2280-600 (weight of 8 passengers) = 1680kg. The weight of each passenger is added at every step resulting
in an increase in the loading of the elevator by 75kg until it gets to 600 kg in step 8 (225kg above allowable
weight of 375kg of 5 passengers). It could be observed that Thrust and Efficiency were not affected in steps
1 to 5 with the respective loads of 1755 Kg, 1830 Kg, 1905 Kg, 2055 Kg and 2130 Kg. The load (2055 Kg)
in Step 5 is chosen as the optimal load because it contains the weight of the recommended 5
passengers/cabin and moved by the full machine thrust of 26560N. It was also noticed that the machine
output thrust dropped slightly immediately after. In steps 6, 7 and 8, the drops in Thrust reading became
noticeable by 26555N, 26530N and 24500N respectively with respective loads of 2130 Kg, 2205 Kg and
2280 Kg. In step 7 with seven passengers, the thrust value is 26530N, 20N below the machine consistent
thrust of 26560N up to 2055Kg. Because there was no significant drop in thrust at this step and the drop in
thrust after it is significant by 2060N hence 2205Kg is taken as maximum load. The efficiency has remained
unaffected up till step 6 when it declined to 87.28% with a load of 2130Kg and 87.25% on maximum load
and then fell to 60.22% on 2280Kg loading. In conclusion, the simulation results on the machine Thrust and
Efficiency differ from that obtained when the machine is loaded. However, no matter how insignificant the
difference may be, caution must be observed to ensure that the elevator is not operated beyond 2130Kg
which is between the optimal and maximum loads.

CONCLUSION

This paper critically examined the edge effect (EE) and longitudinal end effect (LEE) in Single Sided linear
Induction Motor (SLIM) which accelerate an elevator with a specified mass to a target distance. These
effects are known to negatively affect the performance of linear induction motors. The paper specifically
considered three parameters which are magnetic air-gap, number of poles, and the thickness of the rotor
aluminum which largely affect the Longitudinal End Effect and Edge Effect phenomenon when there values
are not optimum. To determine the optimum values of the three parameters and hence compensate for the
EE and LEE, and algorithm known as wire gauge variation and slot tooth ratio (WGRSTR) algorithm was
developed. Based on the algorithm and certain machine specified input parameters the optimum values of
the three parameters were determined to be 10mm, 4 and 4mm respectively, and consequently used to
calculate the equivalent goodness factor of the motor. With the equivalent goodness factor obtained, rotor
speed of 10m/s and target load of 27KN the proposed machine was designed and evaluated. The
performance evaluation showed that when the machine is not loaded the output thrust is 26560N and
efficiency is 88.25%, whereas on load the output thrust is 2630N and the efficiency 85.37% provided the
load does not exceed the maximum recommended load of 2130Kg. The maximum load was determined
from the loading effect analysis of the elevator. Analysis of the effects of the three primary parameters of
rotor thickness, number of poles and air gap show that each of them influences the output thrust and
efficiency of the machine both positively and negatively depending on any chosen values. Therefore it
becomes critical to ensure that the optimum value of each is determined and applied so as to obtain the best
performance from the machine
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