chapter 7

Building and Factory
Transportation Systems

7.1 Elevator Hoisting Machines

Hoisting technology started when Archimedes constructed his first winch in 236 B.C. However, early
primitive elevators did not guarantee any safety for passengers. The situation changed with Elisha Otis
invention of areliable safety gear in 1853 [107]. In the first elevators the drum was used to collect the rope.
The major disadvantage was the necessity to lift the load together with the supporting structure. The next
type, referred to as a rope traction elevator, has been constructed in such a way as to obtain the load
balanced by the counterweight. Thislatter construction is widely used today.

Elevators can be classified into three major categories based on their size:

High-rise elevators used in the tallest buildings in major cities and manufactured at a volume
of about 2,000 units annually. These elevators add image and prestige to the company
manufacturing them.

Mid-rise elevators installed in office buildings, hotels, and other similar structures (annual
market size of approximately 20,000 units). The appearance, comfort and ride quality become
most important for these installations.

Low-rise elevators mostly installed in residential buildings (total annual sales of about
200,000 units world-wide).

There is an increasing demand to reduce both the space needed for hoistways in buildings and the size of
elevator electrical supplies. These requirements have a strong influence on the selection of the hoisting
machine, which can be remarkably improved by utilizing a linear motor [44]. Because the linear motor
produces straightforward movement without mechanical transformations thus improving the efficiency due
to a smaller number of components, the usage of linear motors appears highly attractive. This technology
matured in 1991 when Nippon Otis introduced the first commercial application of the linear motor elevator
onto the Japanese market [130]. Since then, the intensive research in this field was aimed at surpassing
conventional technology in performance and cost. The type of electric motor, i.e., induction, switched
reluctance, or synchronous is important in the linear motor elevator technology. However, the elevator
structure is even more important because requirements for the hoisting system vary with the arrangements
of the elevator components. Sometimes the hoisting machinery must lift all travelling masses, whereas in
other cases the counterweight does part of the work. Moreover, in some elevators, the weight of the motor
can be utilized as the part of the mass balance.

7.1.1 Linear Motor Driven Elevator Cars

The earliest patent concerning a linear motor in elevators was granted to K. Kudermann in 1970[71]. The
principle of that patent is illustrated in Fig. 7.1. The proposed system consists of a counterweight and two
linear motor armatures on both sides of the car. The disadvantage of this set-up is that the motor must also
lift its own weight thus increasing the demand for power supply during accel eration.

The best linear motor drive is a combination of the double-sided motor with the guide rail, which
provides an advantage in balancing the attractive forces. The linear motor must be distributed on both sides
of the car to obtain a symmetrical hoisting. The analysis of a few types of motors indicates that the LSM
with ferrite PMs can offer the smallest cost-related mass, as shown in Table 7.1 [44]. The relative power
used in Table 7.1 is defined as:
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where P, = Mg isthe hoisting power, isthe rated speed at rated load of the elevator, P, isthe

inm
power supplied by the hoisting machinery and P is power dissipated in hoisting system. The relative
power loss is the ratio of losses to the hoisting power

P

P (7.2)

P
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The B4 isnot atheoretical minimum for the power of the hoisting machine because the counterweight
does a part of the hoisting work, and the rest must by supplied by the hoisting machinery.
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Figure 7.1 Armature of alinear motor installed in the elevator car.

The relative masses are moving masses or stationary masses related to the mass of the rated load of
the elevator m .

The relative drive size is defined as the ratio of the maximum electrical current demand |, to the

current corresponding to the hoisting power |, -

The relative cost represents the weighted prices of the active material used for the elevator
excluding al the supportive structures and scaled to the mass of the whole hoisting system. The cost
weighting coefficients have been assumed as follows: 1 for steel, 4 for aluminum, 6 for copper, 4 for ferrite
PMs and 200 for NdFeB PMs.

Coefficients listed in Table 7.1 lead to the conclusion that the PM LSM can offer the smallest cost-
related mass being thus the most promising alternative. On the other hand, it still remains uncertain whether
the benefit of eliminating the rotary machine can be favorably compared to the increased cost of the linear
motor.
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7.1.2 Elevator with Linear Motor in the Pit
The alternative for a hydraulic elevator can be a linear motor with moving reaction rail as shown in Fig.
7.2.

The ideais to replace the piston of hydraulic machinery with the reaction rail and the cylinder with
the armature of the linear motor.

Table 7.1 Comparison of different linear motors applied in 1000 kg car travelling at 2 m/s for mid-rise
elevator.

Motor
Parameter Reluctance LSM, ferrite PMs LSM, NdFeB PMs
Relative power, P 151 0.84 0.81
Relative power loss, P 0.57 0.15 0.14
Relative travelling mass 7.46 5.47 5.25
Relative moving mass of motor 1.29 0.36 0.26
Relative stationary mass of 0.66 0.90 0.30
motor
Cost related mass 3.55 2.59 6.85
Relative drive size 9.68 1.63 152
\2.1 .Y
CAR
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Figure 7.2 Linear motor driven elevator with moving reaction rail.
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Table 7.2 Comparison of different linear motors installed in the pit for low-rise ropeless elevator (1600 kg
car, 4 m/s) [44].

Motor

Parameter Reluctance LSM, ferrite PMs LSM, NdFeB PMs
Relative power, P 17.75 7.96 7.01
Relative power loss, P 8.05 1.90 1.60
Relative travelling mass 3.58 3.70 3.40
Relative moving mass of 0.33 0.45 0.15
motor

Relative stationary mass of 4.98 1.66 111
motor

Cost related mass 11.54 4.64 5.64
Relative drive size 111.6 10.37 12.40

The power can be supplied to the stationary winding. However, either a pit in the basement or the 1:2
roping ratio is required to obtain the required doubled force. Furthermore, the car travel distance is limited
to maximum 20 m. Comparison of different linear motors installed in the pit for low-rise elevatorsis given
inTable7.2.

The structure has the same features as the hydraulic set-up but with a few additional advantages, i.e.,

no oil and oil tank,
all machinery islocated in the shaft, so that a separate room is not needed,
the regenerative braking can be applied for the car going down-ward, so that the lack of

counterweight can be partially compensated.

The performance of this elevator with PM LSM compares well with the conventional hydraulic system, but
the amount of magnetic material required makes this structure commercially unattainable.

7.1.3 Linear Motor in Counterweight

The counterweight is the most natural place for the linear motor in a traction type elevator. In this way, the
mass of the motor can be utilized as a part of the balance. However, the energy must be supplied to the
motor through a cable, the length of which on the balance side varies with the counterweight position.
Proper measures should then be taken to compensate for this variation of the balance weight. This

Table 7.3 Comparison of different linear motors mounted in the counterweight of a low-rise elevator (630
kg car, 1 m/s) [44].

Motor

Parameter Reluctance LSM, ferrite PMs LSM, NdFeB PMs
Relative power, P 2.48 1.07 1.03
Relative power loss, P 113 0.26 0.24
Relative travelling mass 5.48 5.48 5.48
Relative moving mass of 113 0.36 0.27
motor

Relative stationary mass of 033 0.45 0.15
motor

Cost related mass 2.87 3.73 1.71
Relative drive size 25.59 2.75 25

counterbalance motor placement has been well known for some time and even commercially explored [33,
35, 130]. Although, similar to the motor installation in the car, when the motor is instaled in the
counterbalance, the difference in the mass of the supply cable must be taken into account (Fig.7.3a).

The mass of the counterweight for optimum balancing should be:
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m —1 — (7.3)
m. > m 2 m, m .
and the mass of balancing ropes (per unit length)

My Mo (7.9

where M, is the mass of the counterweight, M is the mass of the car, M is the mass of the rated load,
m,. isthe mass per unit length (kg/m) of the travelling electric cable on the counterweight side, m, isthe
mass per unit (kg/m) of the travelling electric cable on the car side, M ope is the mass of rope per unit

length (kg/m) and H isthe total hoisting height. The possible linear motor placement in the counterweight
isshown in Fig. 7.3b. The system can be designed with the armature in the counterweight and reaction rail
on the wall, as well as with reaction rail in the moving counterweight and armature on the wall.

Table 7.3 shows a comparison of different linear motors mounted in the counterweight of a low rise
elevator. PM LSMs require less power than conventional hoisting motors. Further analysis shows that the
performance of a reluctance motor improves at higher speeds.

Table 7.4 Rotary motors versus linear motors for mid-rise elevators (1000 kg car, 2 m/s).

Direct hoisting Geared hoisting Linear reluctance Linear motor

Parameter (rotary motor) (rotary motor) motor in the car inthe
counterweight

Relative supply 1.03 1.12 1.98 1.98
power, P
Relative power 0.31 0.28 0.92 0.86
loss, P
Relative travelling 4.82 4381 6.59 5.53
mass
Relative moving 0.18 0.02 0.49 0.44
mass of motor
Relative stationary 0.23 0.05 1.32 1.32
mass of motor
Cost related mass 0.91 0.14 3.40 3.31
Relative drive size 221 1.97 7.44 6.84
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Figure 7.3 Elevator system with the linear motor in the counterweight: (&) construction, (b) possible location of the
linear motor.

7.1.4 Conventional versus Linear Motor Driven Elevator

Table 7.4 illustrates the major parameters of a mid-rise elevator system with different motor types [44].

Both the conventional traction motor and linear motor placed either in the car or in the counterweight offer
approximately the same sizing of hoisting machinery and the drive.
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7.2 Ropeless Elevators

7.2.1 Vertical transport in Ultra-High Buildings

Land in the world's biggest cities, e.g., New York or Tokyo, is extremely expensive, which drives the
expansion of rentable spaces into higher and higher buildings and underground areas. However, the larger
and taller the buildings, the more elevators are required to keep acceptable waiting time for dispatching.
The increasing interest in ultra-high buildings also called (hyperbuildings or vertical cities) that could
possibly exceed 600 m in their height inspires elevator companies to intensify their research effort in
alternative technologies for vertical transportation. This becomes apparent in Japan where building
contractors, elevator companies, and other ingtitutions are spending a lot of effort to develop transportation
concepts for these hyperbuildings. Vertical transportation
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Figure 7.4 Elevator system space occupancy ratio in atal building.

systemsin ultra-high buildings must address many technical issues, amongst others:
transport configuration with traffic flow within and between buildings ;

diverse building capacity incorporating residential, commercial and service functions;

use of alternative building transportation systems (roped elevators, ropeless elevators,
escalators, people movers) ;

the highest levels of reliability, safety and passenger rescue;

comfort of travel (air pressure changes, vibration, vertical and horizontal motions, travel
time);

elevator propulsion, guidance, brakes, power consumption, control, and communication.

Ultra-high buildings pose new problems in construction of high speed elevator systems, i.e., vertical
oscillations, horizontal swing, car noise and cable length limitations. Because the ropes (steel cables
supporting the car) are very long and usually have alow dumping coefficient, even small disturbances, e.g.,

traction machine torque ripple can cause car oscillations. This vibration can further be amplified when the
disturbance
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Figure 7.5 Required number of hoistways in roped and ropeless elevator system capable to dispatch 2000 passengers
per minute. Study for 250 floor building 1000 m tall with 100,000 population.

frequency coincides with the car's natural frequency. In some instances this bounce may destabilize the
system that controls the elevator speed. The horizontal swing of the elevator car can be caused by
curvatures of the guiding rails or by imperfect rail segment junctions. Car noise is due to the guide-shoes
tracking the rails and by the wind noise (air passing through the travelling car).

The car rise limit isimposed by the cable weight and strength and can be considered as a function of
five variables: (a) safety factor, (b) rope strength, (c) rope mass per unit length, (d) number of ropes and (€)
mass of the car. Under the most favorable conditions, a cable-based elevator can achieve a rise of
approximately 1200 m, based on 10 commonly used steel cables with 320 kN strength, mass per unit length
of 2.14 kg/m and safety factor of 10 [28].

Ropeless elevators with multiple cars in one shaft may be perceived as practical solution for ultra-
tall buildings above 1000 m. The primary concern is that the roping technology may not be extensible to
hoistways of that height, both from a rope strength standpoint as well as from safety margin considerations.
Another problem is that roped elevator systems, understood to be based on the sky lobbies, would consume
too much space to make such a building financially viable. An analysis conducted by Mitsubishi
Corporation [28] found that almost 30% of the total space in a 100-floor skyscraper must be devoted to
elevators, including their hoistways, halls, and machine rooms, Fig. 7.4. Recently, the peak rents for Tokyo
skyscrapers were estimated about $1000/m?/year. Clearly, the elevator space occupancy ratio has a
significant financial impact on the building utilization.

The one shaft, multi-car, ropeless elevator system is considered to be the most promising answer to
these problems. It eliminates the suspension cables and with them the rope-strength and vertical-oscillation
problems. Usage of multiple cars in a single hoistway improves the space occupancy factor even when
compared with roped double-deck elevators. For example, the required number of hoistways can be
reduced by 65 to 80% when using a ropeless elevator with multiple cars versus traditional roped system,
Fig. 7.5.

The mining industry is aso interested in alternative vertical transportation systems with ropeless
elevators [22]. South African ultra-deep gold mines (exceeding 3500 m) are considering the
implementation of PM LSM driven hoisting systems because the maximum depth achievable by a roped
hoist system is approximately 2800 m. After this depth, the hoisting rope can nolonger support its own
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weight and the payload. To overcome this problem, at present time, sub-vertical shafts are sunk, i.e.,
additional roped hoist system are installed underground at a depth of about 2000 m [22].

7.3 Assessment of Hoist Performance

The hoist efficiency without the rope isindependent of the height (in a mine - independent of the depth) and
therefore the operation of the lifting machinery is not limited by the rope mass.

The successful implementation of the linear motor hoist depends on two main factors: (@) the ratio
of the motor weight-to-thrust that it can produce and (b) the motor size (cost).

One of the main criterion for assessing the performance of the hoist is the efficiency of the overall
system [23]:

Foum mg 5
Pm  m m m,. g

where P .

required to operate the system, M isthe mass of the payload, M is the mass of the car, M ope is the mass

is the mechanical power required to lift the payload, P.  is the total mechanical power

nm

of ropes, g isthe acceleration of gravity and  isthe linear speed.

Assuming a constant speed of operation and neglecting the friction, the efficiency of the hoist
system without a counterweight can be expressed as follows [23]:

for a conventional roped hoist

. m (76)
m m rnrope
for aropeless hoist
L (7.7)
m m

Assuming that the mass of the car and payload are the same in both cases, the system efficiency becomes
entirely dependent on the mass of ropes.

The taller (deeper) the hoist shaft, the longer and therefore the heavier the rope since Mope =
025 n_.d2 |  where is the specific mass density of steel andn, d..and|__ arethe

rope ~'rope’ rope rope ’ rope rope
number of ropes, diameter and length of the rope, respectively. Heavier ropes have larger diameter to
withstand the increased tensile stresses. As a result, the increased cross-sectional area of ropes contributes
further to their mass, affecting the overall system efficiency (Fig. 7.6a) [22].
The efficiency of roped hoist without counterweight tends to zero as the height (or depth)
approaches the operating limit, (about 2800 m for steel ropes).
Technologies crucial to the successful development of ropeless elevators can be divided into four
major categories:
system configuration and energy management,
propulsion and guidance,
safety and brakes,

control and communication.
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7.3.1 Construction of Ropeless Elevators
The unique features of the ropeless elevator include:
unlimited rise,

vertical and horizontal motion,
multiple carsin the same hoistway,
no travelling cable,

high traffic handling capacity with minimum core space.

<l--~?~fig 7.6ap. 229--><!--~?~fig 7.6b p. 229-->

Figure.7.6 Limits of rope lift system imposed by cable mass, (d) comparison of hoisting system efficiencies, (b) rope
ability to support its own weight.
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