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Abstract

This paper introduces the new approach to design and construction of permanent magnet
elevator machines targeting super high-rise buildings. The increased demand for high-rise
buildings poses challenges to designers, manufacturers and maintenance companies tasked
with adequately moving people to the higher and higher building floors. The new series of hoist
machines described in this paper addresses these challenges. Simplified installations, low foot-
print and environmentally friendly set up, are just a few significant advantages distinguishing
the proposed elevator propulsion system from the past methodologies. In particular, adopting
this innovative machine architecture provides improved motor energy efficiency, decreased
machine size and weight, while simultaneously increasing the machine lifting capacity.
Furthermore, these new machines are designed to work with multiple modular drives, facilitating
configuration flexibility for the whole elevator propulsion system architecture. In brief, these
machines address all the needs of the current and future high-rise building demands.

Keywords: Elevators, PMSM Machines, Modular Propulsion, Design for Performance
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Introduction

The increasing demand for elevator

systems, suitable for installation in megatall
and supertall rise buildings has triggered

the recent development of a completely

new elevator power train. Consequently,
hoist machine structures, motor-drive
architecture, state-of-the-art design of motor
electromagnetic components, and innovative
cooling methods facilitated significant
reduction of machine size and weight, while

maintaining high efficiency power conversion.

Transporting a heavy hoist machine from the
ground level to its target destination within
a high-rise building (often for more than 500
meters vertical lifts) constitutes a difficult,
logistically complicated and very expensive
one time operation. It has required the
construction of a devoted platform on top
of the building for specialized crane lifting
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Figure 1. SkywayTM machine being lifted to the top of Burj Khalifa building in Dubai,
(Source: Otis Elevator Company)
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operation, (see Figure 1). Accordingly, machine weight reduction could
eliminate or at least diminish the complexities and costs associated
with the application of special crane equipment during the machine
liftting operation. Thus, the Otis development team set to minimize the
hoist machine weight as the first challenge.

Successful integration of the motor and machine sheave, allowed the
new Otis SkyMotion™ series machines to be lighter than their Skyway™
predecessors. In particular, SkyMotion™ 250, 400, and 800 machines
weigh 21%, 37% and 48% less than Skyway™ 40T, 70T, 100T machines,
respectively. However, despite their lower weight and smaller sizes,

the new machines boast significant performance improvements.
Additionally, they are designed and constructed as an assembly of

a few major structural blocks. This segmentation facilitates separate
transportation of each block to the top of the building and then
reassembly in the machine room directly over the elevator shaft.

The overall dimensions, weight, maximum duty load, maximum speed
and maximum rise of the elevator systems served by SkyMotion™
machines are specified (see Table 1). The machines are constructed as
synchronous motors with external rotor having embedded permanent
magnets and with concentrated coils wound around laminated steel
teeth forming the motor stators all cooled by a single blower. The
electro-mechanical properties of the new machine series are as follows:

+ SkyMotion™ 800 develops 70 kNm peak torque at acceleration
and produces 21.6 kNm of torque during the rated 15 m/s
run. The rated power conversion is accomplished with 97.5%
efficiency.

+ SkyMotion™ 400 develops 38.7 kNm of acceleration torque
with 16.9 kNm capable of running a double decker elevator at
the rated 15 m/s or a single deck elevator at 20 m/s. The rated
power conversion efficiency is 96.5%.

+ The smallest SkyMotion™ machines are constructed in
two versions: 200 and 250. Just as 400 and 800 models,
the SkyMotion™ 200 is designed as single wrap traction.
It develops 17.7 kNm acceleration torque, 5.6 kNm of
rated torque and maximum speed of 10 m/s. Meanwhile,
SkyMotion™ 250 supports higher duty loads and rises, and is
built with double wrap traction.

Frequently, the elevator propulsion system power conversion efficiency
is the most important parameter for the end user, building owners. By
installing high efficiency machine-drive units, building owners benefit
directly from energy cost savings. Efficient machines and drives also
release less heat, reducing cooling and climate control requirements
for the machine room. Furthermore, higher efficiency machines

W R A BT R R E— R, FI— AR
SkyMotion™Z 7| By & & th 5 F RSkyway™ R E 58, LHE,
SkyMotion™ 250, 400f7800#] & & 4 A H.Skyway™ 40T, 70T, 100T
EEK21%., 37%M48%, REH AFICEFMAENRFTFE /N
EENRE, WFANELEREAFTE IR, F,
KN BRI ENZIT HEERES N LA HATA
o X BN EA R BT o 0K 4N E 015 22 ST e
T, #HmEsERMmtF ETmiLEmERE XLk,

SkyMotion™ #L2 BT R 4 Bl R BB R+, EE. HAHE
RE. BEREMRARAGEFEFCEHZT (FLE) . Z
ROl RN G RN KB BN T RS T, FEAET L
B EEMTM AT, 2HAFHEL— 6 NNHETA
A, FALE R B S F LR B2 T

- SkyMotion™ 800FE fim i B 7] 7= & 70 KNm ety i E# %5, #£ 1L
BUE SR/ R IE LA ] 72216 KNmEN AR . € 2h &
Y 8 A0k 5097.5%.

- SkyMotion™ 7007 4 38.7 kNmeh fm ik #1 45, E 4 16 9kNmHy
R, I — & W B DU UE 15K/
PIEAT, BERGIE — 6 BT BARIEATT20K/P 8
HE . FUE I EHBEE H965%.

- R AR /N SkyMotion™ R & 7 - A B 25 4: 200 F1 250
o W [E400% F2800%L, SkyMotion™ 200 #% B8 # 28 X & 5|
AT, P77 KNmEy s 4, B A7 5.6 KNm#y 41 % 3
M, HEEE A10k/F. T SkyMotion™ 250 ¥ Bl £ 4 &,
B, XHFEmNBEREMRATE.

BEBRT, XTREA P L ERY, BHEERTNEEE
BHEEZFERNSH. BAZREGPANEBHRKE, FLET
NEBATARETZH. RN EREHRELBRHEDH
HE, ARG A HPFRELRERNER. A4, BT
IRz & G R F A/ A o i 28 47 8] A I8 250 2 (NTSD) 47 1#] By
EEMANSER RN, HURESKEOIE, TR
B Rt AN, BT DL, AR A B AL 25 A B R B B T R A B K
L&D

X T SkyMotion™ 11 &, BAGUEMILERFIMEL, EHAEHE
PRABECEAT EEFRSA, EMATUANAINFRDHES
A%, MAFERAEANZKE., EAERML, HHPMSMENSE
MAHARERAXRE -G R RAFNN S B AR T LI LARR
ik

Table 1. Specification of basic parameters of SkyMotionTM machines, (Source: Otis
Elevator Company)
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benefit the Otis elevator contractor, requiring smaller drives, as their
sizes are defined by peak input power during acceleration and during
Normal Terminal Slowdown (NTSD).

In case of the SkyMotion™ machines, it was possible to utilize existing
smaller drives rather than building larger units, despite significant
extension of the Duty Load and Rise coverage compared to the
previous series of machines. This was achieved using modular, high
efficiency PMSM motor windings and allowed utilization of multiple
drive system to support a single hoist machine.

One of the SkyMotion™ machine’s unique features is its stator cooling
system. The novel design was necessitated by the location of the stator
inside of the integrated machine sheave housing the permanent
magnet rotor. Due to high concentrations of the motor windings
heat sources within confined space of the rotating sheave/rotor drum
assembly, recirculating closed loop liquid coolant system appeared to
be the most appealing solution. However, this would require adding
weight to the machine, while reducing reliability associated with
mechanical pumps and valves. In the end, the design team decided to
focus on forced air cooling. Its implementation consisted of a hollow
tube stationary shaft supporting the motor stator structure designed to
deliver cooling air into the integrated sheave-PM rotor internal space.

The cold air, compressed by a variable speed blower, is forced through
the stationary shaft-pipe and distributed by a series of shaft openings
into the stator structure. The cool air flowing in both axial directions
along the stator’s back iron internal cylinder absorbed the heat from
the surrounding windings. This elevated temperature air is then forced
outside the machine structure through openings machined into
both sides of the rotating sheave/rotor drum assembly. Such air
distribution cooling circuit, combined with an on-demand adjustable
speed blower and encapsulated winding insulation system
characterized by high thermal conductivity, ensured operational
temperature below 135 degrees Celsius.

Impact on Machine Room Arrangement and Size

The regional code requirements (i.e. EN and ANSI) imply that all hoist
machine frames should fit the smallest defined hoist way projection.
This constrained design for the new hoist motor series required the
SkyMotion™ machines to have much smaller sizes, compared to the
predecessor Skyway™ series. It is illustrated how traditional oversized
machines must be arranged in the machine room serving multiple
hoist ways in order to fit above their projections and not interfere with
machine room walls and with each other (see Figure 2). Consequently,
the conventional machine room is oversized with envelope
dimensions exceeding typical height between building floors.

Decreasing the machine size, placing special emphasis on reducing
the base footprint was a difficult challenge to the design teams. This
step was necessary to fit the new machines directly into projection of
the elevator shaft. An additional requirement was to enable installation
of multiple units on the same level (floor) in the machine room

serving multiple shafts in order to avoid partial stagger of group hoist
machines vertically.

The final design regarding machine compactness and their symmetry
around the geometrical center line of the sheave (CL) exceeded
expectations, allowing for suitable installation directly over the elevator
shafts, with adequate separation of multiple units and the enclosing
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Figure 2. Vertical arrangement of oversized machines in the machine room, (Source:
Otis Elevator Company)
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machine room walls. The results are illustrated with the top views of
the SkyMotion™ machines compared to the predecessor machine
Skyway™ series envelopes (see Figure 3 and Figure 4). It is clear from
these drawings that the new machines do not interfere with building
walls and nearby equipment.

The specific area and volume savings of the new SkyMotion™
machines, compared with their Skyway predecessors, are as follows:
30% in area and 41% in cubic volume for the SkyMotion™ 250 over
the Skyway™ 40T; 24% in area and 29% in cubic volumes for the
SkyMotion™ 400 over Skyway™ 70T; and 27% in area and 33% in cubic
volume for the SkyMotion™ 800 over the Skyway™ 100T machine.
Such size reductions benefit building owners directly reducing

the machine room foot-print and volume, offering architects more
space for other building functions. Smaller machines also benefit
the service crew and afford simplified maintenance with more space
available around each hoist machine.

Machine Mechanical Structure

The machine and its bedplate are designed with symmetry plane
perpendicular to the sheave axis. This arrangement offers position
flexibility, while installing the machine over hoistway shafts and avoids
physical interferences with machines over the neighboring shafts. Two
side stands positioned on the bedplate constitute the main structural
components supporting the whole machine. These stands are
integrated with stationary hollow shaft securing the bearing cartridges
and electric motor stator. The shaft provides a channel for cooling

air injected by a blower installed on one of the side stands. It also
functions as a conduit for electric cables connecting motor winding
with terminal box mounted on the second side stand.

The two machine bearings are identical and enclosed in special
cartridges filled with lubricating oil. The use of oil rather than grease,
along with placement of observation windows within the cartridge
walls, allows for precise assessment of the lubricant condition. In
particular, oil level and contamination are clearly visible by looking
through the side stand windows. Similarly, lubricant refiling or
replacement service takes only a fraction (approximately 1 hour) of the
time required for traditional grease application service (approx. one day).

The machines are equipped with caliper brakes that engage brake
disk(s) (end bells). In case of the SkyMotion™ 400 machine, its

sheave is terminated with two brake disks, engineered into both

side stands. This machine contains up to four locations (two on

each stand) for placement of the calipers brakes. In contrast, the
SkyMotion™ 250 and 800 series machines integrate a single brake

disk. Accordingly, the stand located near that disk can accommodates
only two caliper brakes. The specific brake configurations are chosen
based on by duty load coverage, type of caliper brakes and brake
redundancy requirements. The Duty Load and braking torque
requirements of SkyMotion™ 250 machine are satisfied by utilizing two
electromagnetically activated calipers. The SkyMotion™ 400 machine
requires two different configurations for the braking system. The

lower duty machine (Duty Load up to 2500 kg) is equipped with two
electromagnetic caliper brakes. Meanwhile, higher duty machine (Duty
Load over 2500 kg) integrates four electromagnetic caliper brakes. Due
to significantly greater braking torque requirements, the SkyMotion™
800 machine cannot be deployed even with four electromagnetic
caliper brakes. Consequently, two hydraulic calipers are used instead.

Figure 3. Footprint comparison for SkyMotionTM 200 and SkywayTM 40 machines,
(Source: Otis Elevator Company)
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)

Figure 4. Footprint comparison for SkyMotionTM 400 machine versus SkywayTM 70 (left
drawing) and SkywayTM 100 (right drawing). (Source: Otis Elevator Company)
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Figure 5. Side view of SkyMotionTM 400 machine, (Source: Otis Elevator Company)
P 5. SkyMotionTM 40089 {47 B (3 44 A JR: FL 9 3 s 7))

Finally, the main sheave comprises one of most advanced and
innovative components of the SkyMotion™ series machine. It
integrates external rotor of the brushless PM synchronous motor with
the machine sheave and fulfills a dual function. Primarily, the sheave
guarantees adequate traction between grooves and ropes thanks to a
unique treatment with Stellite alloy on its external surfaces. Secondly,
it hosts permanent magnets which partially conduct the excitation
magnetic field. In addition, the sheave structure dissipates portion of
the heat generated within the machine through the sheave surface.
The integration of a sheave with permanent magnet (PM) rotor
afforded significant weight and size reduction of the entire machine.
The machine picture (SkyMotion™ 400) is presented (see Figure 5).

Electrical System of SkyMotion™ Power Train

The electrical provisions for each propulsion system differ from each
other and are defined by peak power demand during acceleration
of a fully loaded elevator car. The selected electrical performance
parameters of the drive-motor power train are specified for each
SkyMotion™ machine (see Table 2).

The machines are powered by existing Otis drives. One of the
requirements during the development of new SkyMotion™ high-rise
propulsion system was to implement the segmentation and grouping
of each stator winding into discrete sets. This was motivated by a
desire to match with the existing Skyway™ drives. Each group of stator
windings can be supplied by one individual drive. Alternatively, some
winding groups can be connected in parallel to form a single drive. This
arrangement flexibility for existing drives and new machines creates
convenient modular coordination to cover various elevator needs.
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POWERTRAIN SkyMotion 250 SkyMotion 400 SkyMotion 800
HAEHR

Number of Available 2 2 4

Motor Winding Systems

R e EASK

Number of Phases 3 3 6

BB ¥k

Rated Current 2x(125 A, Per Drive) 2x(195A,  PerDrive) | 4x(152A  Per Drive)
FE R 2x (285 A, Per Drive)

Maximum Acceleration 2x(1336 A PerDrive) | 2x(695A PerDrive) | 4x(485A,_ Per Drive)
Current 2x (670 A, Per Drive)

AR BR

Rated Motor Input Power | 190 kW 320 kW 535 kw
BREFHNHATF 475 kW

Maximum Acceleration 385 kw 885 kW 1335 kW

Motor Input Power 840 kW

B B AL A

WA E

Rated PF 0940 0.945 0.980

B PF

Table 2. Electrical characteristic of SkyMotionTM power train series, (Source: Otis
Elevator Company)
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The number and size of drives powering each machine depends on
the elevator system duty load DL and required speed. For example,
when a SkyMotion™ 400 machine is used in an elevator with DL =
2500 kg and speed = 15 m/s, then a single, most powerful Otis drive is
employed. In contrast, if duty load, DL is higher than 2500 kg, with the
same speed specification, then two such drives are needed.

Typically, for rated elevator speeds not exceeding 10 m/s and when it
is economically justified, two smaller drives are used. A few examples
of electrical connections, for multi-drive machines, are illustrated (see
Figure 6).

Conclusion

The new SkyMotion™ system presents significant extension of super
high-rise elevator capability presently not available in the industry.

The introduced power train enables construction of elevators with
double or triple deck cars running with speeds of 15 m/s and with rises
up to 600 meters. Furthermore, the SkyMotion™ 400 system permits
construction of elevators with rated speed of up to 20 m/s.

The smaller size of SkyMotion™ power train translates into smaller
machine room and simpler installation of the lifting equipment,
which in turn, offers more design freedom to high-rise building
architects. The reduced weight of the machine decreases the size and
cost of hardware, logistic expenses and time devoted to installation.
Finally, the new system higher efficiencies reduce energy costs for
the building owner, simultaneously decreasing ventilation and air-
conditioning requirements for the machine rooms.

Figure 6. Selected Electric connections of motor and drive for: a). SkyMotionTM 250
machine in one drive 3-phase arrangement; b). SkyMotionTM 400 machine in two
drive 3-phase arrangement; c). SkyMotionTM 800 machine in four drives 6-phase
arrangement, (Source: Otis Elevator Company)
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