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Abstract—The multi—car elevator system is a revolutionary the design of linear motors with a high ratio of payload to
new technology for high-rise buildings, promising outstading self weight. Synchronous motors are more suitable for this
economic benefits, but also requiring new technology for proul- 5 5jication, and in many cases either switched reluctance
sion, safety and control. In this paper we report on experimatal ’
results with new components for linear motor driven multi— motors (SRM) or permanent magnet synchronous motors
car elevators. We show that linear synchronous motors with (PMSM) have been used. Although SRM motors have been
optimized design and with our new safety and control system used for this application [12], [13], an iron core is reqdire
can be considered as core components of a new generation ofand thrust to weight ratio is low. For our application, the
elevator systems. The main new results concern the develogmt best solution appears to be using permanent magnet linear

of a safety system integrated into the propulsion system, th .
design methodology of a linear motor optimized for the multi- synchronous motors [9], [10], [14]-[16], which are also dise

car elevator task, and the motion control system that is expeted  IN our research.

to be usable for extra high—rise buildings. In this paper, we propose a new linear motor specifically
Index Terms—Linear motors, elevators, safety methods, design designed for multi-car elevator applications. One of our pr
optimization mary requirements is providing a reliable safety systermijevh

keeping the total cost economically feasible. This is ade
by the dual use of the linear motor stator, both as a propulsio
component, and as the actuator device for the mechanical
ULTI-CAR elevator systems with independently movsafety system. This idea, first reported at [17], [18], has
ing elevator cars in the same hoistway hold the promigeen analyzed and experimentally verified, as described in
of large improvements in the space utilization of urbandbuil Section Il. The second requirement is optimizing the design
ings. Currently, a large amount of potentially useful flopase with respect to material and energy costs and reducing noise
is consumed by elevator shafts, each of which runs singled vibration, while keeping it easy to manufacture. This
elevators in huge empty spaces spanning many floors. Mul-achieved by a multi—objective optimization procedure de
car elevators would allow architects to reclaim a large praeribed in Section Ill. The theoretically predicted perf@ance
portion of that space, by moving many of the single elevatois verified by measurements on an actually implemented full-
into common shafts. This effect is especially pronounced stale model, as given in Section IV. We have also developed
ultra high-rise buildings, where the elevator space ultetya a simple but effective control system, which is described in
becomes the limiting factor for economical feasibility.€Fb is Section V, and the test results given in Section VI, on the
already a two—car elevator system on the market, implerdenteperimental results for its performance.
by using conventional traction drive elevator technoldggw-
ever, for obtaining substantial improvements over sincge—
systems, multi-car elevators should convert three, four, o
more banks of zoned single—car systems into integrated-mult For the safety of boarding and leaving passengers, elevator
car systems. For this, we should be able to use three or mowgst be positively held during stops at service floors. Ugpal
cars, in hoistways spanning several hundred meters [1]#f#4] elevators have electromechanical brakes installed att@rsta
realize such huge scale multi—car systems, a new technol@gy position to hold safely the traction motor, indepentient
is needed, which can be realized by linear motors [5]. of power and control issues. An equivalent stationary brake
Design of linear motors have been studied for severdevice for linear motor elevators, capable of mechanically
decades [6], mostly in the context of industrial drives M@r-  stopping and holding the elevators at any floor, would need to
tical transportation applications have also been invastig, sSpan the whole hoistway, and would be too expensive. On the
especially recently [8]-[11], and one major topic has bedther hand, if a mechanical brake is installed on the elevato
car, the signal and power for its actuator would need to be
N Athmffsggr?éeznds aEbf;dnifi Sf;izvaef;ssfels‘?a“:bgl‘eszgglé'g ?Iz Engingednd  transmitted to the moving car using cables moving with the
aNli)rr?o Takahasr’ﬂ and Daisuke Miygge are Wi’th the Degjartmé(mtrical car, which might raise reliability concerns and is undesea

and Electronic Engineering, Okayama University, Okayar@8-8530, Japan in a multi—car elevator system since they would interferthwi
Yasuhiro Komatsu is with the Department of Electrical Emgiring, Rit- the operation of the other cars.

sumeikan University, Shiga 525-8577, Japan . . .
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I. INTRODUCTION

Il. SAFETY SYSTEM FORLINEAR MOTOR ELEVATORS
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: Brake current can be set up where the brake actuator force is controlled
Thrust force! independently. By suitable interlocks using the bias mige
: supplied to adjacent zones, there will always remain a ‘8ai¢k
zone between any two elevator cars. Since the mechanical
Motor magnet Ny , . brake will stop a car if it is not released by the actuator égrc

no car can approach another, closer than one zone distance.

This property guarantees that collisions cannot occur.
Linear motor Brake magnet

coil section

B. Magnetic Field of the Linear Motor Coil

We consider a coreless 3 phase linear motor stator assembly
Figure 1. The safety system using stator top edge as a brakatac made up of coils as shown in Flg 2. We can apprOXimate the

coils as coplanar rectangular current paths.

For the case of a coil of the stator with its winding along
avoiding the signal and power transmission problem. Thife pathL on the top edge of the stator winding, the magnetic
arrangement would still be expensive if we used a separafield generated by the curreii, at a pointr in the absence
long, actuator device along the hoistway. However, we dliyeaof magnetic material can be calculated directly from Biot—
have a long device spanning the hoistway: The stator of tBawvart's law.:

Iir_1ear motor, assuming that we use a long armature _type r_notor ol [ dL x (r —x)

with permanent magnet movers. The long armature is availabl B(r) = 1 / 3 1)

to serve as the actuator for the brakes, and incidentalbarit ™ Joo fr=x

also be put to service for many other uses, e.g. for power andn [19] we find an explicit formula integrating (1) for

signal transfer to the elevator cars. coplanar rectangular coils, which is a good approximation

In our research, we have developed a safety system ffrthe coreless linear motor stator. Using these formulas, w

multi—car elevators, with the unique feature of using tm t(pbtain the magnetic field distribution in the vicinity of the

edge of the stator as the actuator solenoid of the brakeheln $tator top.

following, we report on theoretical analysis and test resul  For the case of identical DC currents injected into each coil

showing the feasibility of this approach. the field distribution along the stator top is similar to theldi
around a single long straight conductor spanning the leafjth

A. Actuator and Brake Operation the.moto.r. Therefore, if a permanent magnet is placed in this
region with one pole facing the stator top surface, theré wil

Special DC bias currents superposed on the drive Curre'B’é:‘PredominantIy a sideways force acting between the cdil an
can be used to generate a brake current along the top edgg.@ magnet, which can be used for brake operation.

the stator which cause a force on a permanent magnet in it§y/hen the coils are fed balanced 3 phase currents, the force
vicinity (Fig. 1). The permanent magnet is in turn connect a magnet spanning at least one pole pair will balance

to a brake mechanism. Details of the bias currents will Qﬁjt with the net braking force near zero. However, when we
explained in Sec. ”'B' ) ) superpose a DC bias current on each phase, their contributio

When the mover is to be manipulated, DC bias currenfgy 4qq up to a net brake force. Thus, this superposed DC
to release the brake are supplied together with the normalient is available as an independent control variablé tha
drive currents. To hold the mover at a given position for g ecty operates the brake. The brake force will be approx-

long time, the bias currents may be removed to engage {fie,iely constant along the length of the stator, as seen from
mechanical brake. The primary function of this brake willtbe experimental data in Fig. 16 in Sec. VI, and dependent
hold stopped elevator cars under normal operating comditio only on the DC bias currents '

In an abnormal situation such as a malfunction including los
of power, since the bias currents cannot be applied properl -
the mechanical brake will engage, arresting the fall of ttfe- The Effect of Winding Pattern
mover. A problem may be encountered in implementing the brake
Using this method it becomes possible to generate thrust aatuator in practice because the field distribution at the to
operate the brake mechanism on the same part of the matdge of a linear motor stator depends on the actual winding
section. Another obvious solution is to use separate motoattern of the coils. The above analysis applies to the case
sections for generating thrust and for operating the brakaf. identical coils arranged at20° electrical degrees, which
However, this method is not preferred in this paper since thee will call here “balanced winding”. This winding patters i
required mover length would be long. shown schematically in Fig. 2 whetg, iy, i. are the three
In a multi—car elevator system, it is necessary to ensupbase currents. Note that the actual coil shapes are differe
that two cars are not accidentally driven into each otheis The.g. the coil sides lay in the same plane, and the top edges of
brake can also be used to construct such a safety systemth®y coils have complex 3 dimensional shapes (see Sec. IV.)
using the mechanical brakes on each elevator and congyollin However, a preferred winding method used in the industry
the actuator force of each section of motor. Assuming thathich we call “segmented winding” (implementing a diffeten
there aren stator segments, at mostzones along the motor scheme where two phases are woundl2d® degrees, but




the motor or the motor driver is damaged or power is lost,
there is a larger set of possible failure modes in which the
balanced winding will not be able to provide the special
current pattern and thus the brake will engage to arrest the
fall of the elevator car. Calculated DC currents necessary f
different brake operations are given in Table |I.

Another advantage of balanced winding is that since the
system is set up in such a way that brake is engaged for zero
brake current and disengaged when brake current exceeds a
certain value, there is no need to supply brake current when
the elevator car must be stopped.

Figure 2. Balanced winding pattern of linear motor coils.

Table |
DC CURRENTS FOR DIFFERENT OPERATIONS
Elevator | Driven | Brake Segmented Balanced
(lifting) | Active Winding Winding
Moves Yes No (4!, — Ipc)/3 Torake
Yes No (4’i:l — -[DC)/S Tprake
Stops Yes 417 /3 0
No Yes 0 0

Il. MULTI-OBJECTIVEOPTIMIZATION OF THE DESIGN OF
AN ELEVATOR LINEAR MOTOR

The major part of the cost of a linear motor elevator drive
is the stator, since it has to span the whole hoistway length.
To minimize the active material required for constructihg t

the third phase placed at ti66° position, and fed a reversedstator, the natural choice is to use an air—core permanent
current as shown in Fig. 3 ) is advantageous because it isreaia@gnet synchronous motor. There are two important subjects
to separate the winding into sections, thus being simpler @ decision in the design of a multi-car linear motor elevato
manufacture. which have effect on the installation cost of the end-prdduc
For balanced winding type stators during normal runnin-ﬁhe first is whether the stator is made up of windings or mag-
with balanced currents, the average current generating HaiS- Here, we have selected the former since it is not jpecti
stator top field is zero. If the neutral point of the motof0 attach cables to the movers, as previously discussed. The
winding is tapped to sink a DC current component through &fcond cost factor after this decision is to design the mover
coils, which we call the brake currefi, ., supplied through t© minimize the cost of the movers, which is dominated by

the motor terminals, the average current vector now beconi@§ weight of the magnet. In this section, we investigate the
nonzero forany value of Iy, aye. optimal design of such a motor for multi—car linear motor

elevator applications [15].

Iyrake = 1a(t) + Ipc +ip(t) + Ipc +ic(t) + Ipc  (2) Two kinds of movers for the air—core linear PM synchronous
. , , . _motors are investigated; one with Halbach type permanent
where i, (t) + ip(t) +ic(t) = 0 are normal balanced drive .. .net arrangement and the other, iron yoke and permanent
currents. Thereforelqye = 3Inc. magnets, shown in Figs. 4(a) and (b).

_Us_lng this method, the brake currents on the balance The reduction of the ripple of driving force is required ireth
winding can be crea_ted_ independently of drive currents. ractical utilization of linear synchronous motor for refkess

qu segmented Wmd'ng on the other_hand, the tptal St‘?‘ kvator. In addition, it is important to increase the driyi
top field is non—zero during normal running when dnven W'tlf’orce and to reduce the weight of motor. Then, the optimal
balanced cur_ren.tsl(t) +Zb(t),+ ic(t) = 0, since the top f'eld, design of linear motor is examined including multi objeetiv
of th(_a 60° coil will be opposite to the other two p_hases. It 'Yriteria, in order to meet these design requirements. We not
possible to cancel the stator top f|e_ld by supplying a specmlat a related research has been reported in [20], but this is
non—balanced current vector satisfyifigt) + ¢, (t) — ic(t) = without using multi objective optimization and considerin

S . ; ;
Ipc, wherei, is the current in the&50” coil, and Ipc is @ oy yoke—type design. Other methods also exist in the desig
constant current. The non—-balanced currents also redusite t

the neutral point of the motor be tapped. of permanent magnet actuators (21, [22].

The balanced winding is better suited for a safety brake _
operation on linear motor elevators since generating astaf': Halbach-Type Linear PM Motor (HTLPM)
top field requires a special current pattern. The segmentedrhe dimensions of the analyzed model of HTLPM are
winding on the other hand, will generate a zero stator tagghown in Fig. 4(a). The gap length between the magnet and
field in one special case current. In case of emergency whée coil is4 mm. One period of 3 phase alternating current

Figure 3. Segmented winding pattern of linear motor coils.



Table Il

Magnets DIMENSIONS, THRUST, ETC.
Coils | | Initial shape | Optimal shape|
Li (mm) 10 30
i Lo (mm) 30 20.9
20 Frave (KgP) 40 71.9
Wy (kg) 6.3 181
oke (S45C rq (%) 4.83 0.2
Magnets n 0.343 1.867
101‘--%‘ v-‘w+‘ u-‘v+‘w-‘Coils Table Ill
< THRUST, WEIGHT, ETC. (HALBACH—TYPE, Ly = 20MM)

[1[Fkah) | Q | W P m N Ci Cr
10 | 3634 | 6 | 6 | 30.34| 5.06| 6.6 | 3956 | 6.6
(b) 20| 584 | 12| 12| 464 | 387 | 43 | 51.73| 43
30 | 7163 | 18 | 18 | 53.63| 2.98 | 3.7 | 67.12| 3.7

Figure 4. Examined linear motor. (a) Halbach type. (b) Yokget (units in
mm)

the optimal result having larger forcg, ... will be obtained,
8\Qd vice versa.

In this optimization, there are three objective functions,
eglfl, W, and W3 as shown in (3)-(5). This is the multi—
£bjective optimization (MO) problem. Unlike the single ob-
jective optimization, the solution of MO problem is not a
single point, but a family of non—dominated points known
as the Pareto optimal solutions [20]. In general, there is a
{ de off relationship among the objective functions ants it

ifficult to minimize the objective functiond/;, Wy and W3
simultaneously. Accordingly, MO problem is to find as many

is equal to a movement distance of 120 mm. The amplitu
of current density.Jy in the 3 phase system 8.0 x 108

A/m?. The calculation by Biot—Savart's method is perform
at every5 mm displacement of the magnet region in the
dimensional magneto-static field, resulting in a total 2df
calculation steps. The value af component of the force in
each step is calculated by the BIL law.

The design variables are chosen as the dimensions of
magnets {1, L2) as shown in Fig. 4(a). The dimensions o
the magnets were limited a&5< L; < 50 and0 < Ly <60 7. : . .
in mm. The optimization is carried out using the evqutior(ii'ﬁe.rent Pareto optimal solutions as possml_e. .
strategy (ES) method [23]. In (1+1)-ES, we generate On%ﬁgqre 5 ShOYVS _the Pareto optimal solution for the multi
child vector from one parent vector, comparing the Obj(EI:tiVo jective optlmlzanon pro_blem ot (.1/.Fm”e) anq Wa
functions of each vector. The vector with a dominant objecti (W‘?)'_ In_this case, the rippley of driving for(?e IS not.
function is treated as a parent vector of the next generatioﬁp.t'm'zgd' We describe the.con_cept of Pareto op'urn_al .Smst'

Three functionsWy, W and W3, are used for the opti- using F'g' 5, where both objt_actlvé@l an_sz are m_|n|m|zed._
mization according to the criteria stated above: EaCh. pointon the boundary m_the feasible region is the @t'm .

solution in the sense that no improvement can be achieved in
one objective that does not lead to degradation in at leaest on
Wi = 1/Fpave (3) of the remaining components. From the viewpoint of small
W, = W, 4) Wl_ (Iargc_a thrgst) ar_1d smalll, (Iight_mover), the result near
point A in Fig. 5 is a Pareto optimal solution. The force
magnification factom); of the linear motor is given by (8),

whereF,, ..., F.. . and F,,.. are the maximum, minimum wheren; > 0 means that the linear motor can lift the required
' ' weight.

and average values aof components of force at each step,
W, is the weight of magnet ang; is the force ripple. The

W3 = Tq= (meaz - Fzmzn) /Fmave x 100 (5)

objective function,lW, is the linear combination oy, W5 m = (Frave = (W +20)) /W, (8)
andWj; as follows: The factor for a desired payload @6 kg/mover is shown
in Fig. 6 for the Pareto optimal solution. In this case, the
W = kiWy + koWo + ksW3 (6) force magnification facton; becomes the maximum at about

. o . W, =10 kg. The thrust, weight, etc. of some of the Halbach
In order to get a similar contribution from each funct|0ntype movers are shown in Table IIL.

the wgighting _coefficiepts:_l---kg are determined so that the " tha main cost of the linear motor mover is the NdFeB
following relation is satisfied: magnet which is proportional tdéV,. From Figs. 5 and 6,

a designer can determine the parameters of a linear motor
kWi = keWa = ksW3 (7)  considering the cost and the required thrust.

Table 1l shows the result of optimization. The force ripple ) _
is improved from an initial value of 4.83% to 0.2%, wherea8- Yoke—Type Air—Core Linear PM Motor (YTLPM)
the weight of the magnet is increased from the initial value. In the air—core linear PM motor with the mover yoke made
If k1 in (6) is increased and the optimization is carried ougf carbon steel (S45C) shown in Fig. 4(b), the thicknégs



1 Table V
08 THRUST, WEIGHT, ETC. (YOKE-TYPE, L2 = 20MM)
g A
506 Model | F(kgf) Q W P 72 N C; Cr
% / 1 26.38 54 | 24| 2098 | 874 | 95 2288 | 95
g 0.4 2 29 84 | 24| 206 | 858 | 9.7 23.3 9.7
3 2933 | 114 | 24 | 1793 | 7.47 | 11.2 | 26.78 | 11.2
02 % w00 4 3266 | 7.8 | 48| 2486 5.18| 8 | 3861| 8
0 5 35,58 | 10.8| 4.8 | 2478 | 5.16 | 81 | 38.74| 8.1
0 0.2 0.4 0.6 0.8 1 6 36.24 | 13.8| 4.8 | 2244 | 468 | 89 | 42.77| 8.9
W1 = Fxave (1/kg) 7 357 [ 102 7.2 | 255 | 354 | 7.8 | 56.46 | 7.8
i . . 8 37.87 | 132 | 7.2 | 2467 | 343 | 81 | 5838 | 8.1
Flgure 5. Pareto Optlmal solution. 9 38.55 16.2 72 22.35 31 890 64.43 890
12 T ———
5 3 ‘ ‘ ‘ o Yoke X
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Figure 6. Force magnification factor of Halbach type motor. Figure 7. Comparison of initial cost’; and running costC), (L2 = 20
mm).

of the yoke is treated as a design variable. Of the remainingAs a result, the composition shown in Fig. 8 was adopted.
two parameters, the width of the magnédis is fixed at 20 The yoke between magnet pairs is omitted in order to reduce
mm which is close to the optimal value, and the thickness gfe weight. The flux distribution obtained by using the finite
the magnetd., is also left free as a design variable. The fluglement method shown in Fig. 9 displays some leakage flux
distribution and the thrust are calculated by using the 3idefin pecause the yoke is saturated (maximum flux density: about
element method taking into account the nonlinear B-H curge). This design provide83.8 kgf of thrust F for 4.8 kg of
of the yoke. mover weightQ, of which 2.93 kg is the magnet weight, and
Let us assume that the required payload is 200 kg includifg = 10 mm andLs; = 10 mm.
the weight of the cage and passengers. The payload per mover
P = F — @, the force magnification factay, = P/W,, and
the required number of units of linear motor move¥s =
200/P are the motor parameters whefe is the thrust per  In this section, the design and implementation of the motor
mover, () is the total weight of one mover, and/, is the coil shape and a special motor driver that can produce the
magnet weight. For the optimal design, the performance Bgcessary currents to generate the brake force for thedaiés
the motor is calculated for various combinations lof and motor that was used in the experiments will be given.
Ls, as shown in Table IV. The initial cost and the running
cost are proportional t6’; = 200/n, andC,. = N.
Table V shows the thrudt, total weight@, etc. atL,= 20 L.X T—T yoke  magnet

mm for the models shown in Table IV. The results of Tables V jﬂg—ci—ﬂ m/—@/ ol
LN [ <]

and Il are plotted in Fig. 7. The running coét. can be o [ T ] T ]
reduced by using the Halbach type mover (HTLPM), and the P_—F_[q @_[q
initial cost C; can be reduced by using the yoke type mover

(YTLPM). If the initial costC; has the highest priority, then
model 1 is the most appropriate in Table V, as signified)hy
For obtaining large thrust and small running cost, the Hettba

h . Y
type mover is better, although the yoke type provides a small '[ x B(M
initial cost where stator cost is the same for each. | b

- 1.67636E00
— 1.48856E00

17200
B oieereoo

- 8.39178E-01

6.20384E-01
4.10580E-01
2.00795E-01
1.50417E-10

IV. IMPLEMENTATION OF THELINEAR MOTOR

Figure 8. Adopted composition. (units in mm)

Table IV :
EXAMINED COMBINATION OF L1 AND L3 (L2 = 20MM)

Model 1 2 3 4 5 6 7 8 9
L1 10 1010|2020 20 30| 30| 30
Ls 5 10 | 15 5 10 | 15 5 10 | 15

Figure 9. Flux distribution.
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Figure 13. Block diagram of the position control system.

Figure 10. Balanced winding pattern implemented as finalgdes

_ the counterweight could point either upwards or downwards,
/SWIICh .

1% 1E 1E here we always deal with downwards loads. The system
thus operates only in two quadrants, “motoring upwards”
or “generating downwards”. Furthermore, the weight of the

1 K K 1 elevator car together with the mover provides a substantial
base load, even with an empty car. This allows us to use a

Figure 11. Suggested motor driver for brake operation. very Simple minded pOSition control |00p, without the need t

worry about switching between quadrants, as during one trip
the system always operates in a single quadrant.

Several possibilities exist in implementing the coil shégre  To render the system robust in the event of degraded quality
the motor with the requirements discussed. After considerifor the position signal, which might occur with some of the
three preliminary coil shape designs, we have arrived at thesition sensing methods that can be used, we dictate tise pha
final design shown in Fig. 10 which is of the balanced typef the armature current, just like in the case of open loop
The design intends to simplify construction by utilizinglyn control, and control only the current amplitude. In case the
one coil shape that is repeated. position signal deteriorates, the current amplitude conmuna

Considering the motor driver for the balanced windingan latch up to the allowed maximum, and the elevator can
pattern, it becomes clear that it is not possible to sugply continue its trip under open loop operation. The schematic
currents to each coil using conventional 3 phase motor drivielock diagram of the experimental system is shown in Fig. 13.
with standard bridges and vector control, since the motorNote that the usual nested current and speed control loops
neutral point is isolated. One solution is using an addélonhave been eliminated and instead, only the position is con-
switch for the common point to ground or DC link as showirolled through the inverter voltage command. This simple
in Fig. 11. To start producing the brake currents, first tineeti setup was chosen to allow implementation on low cost mi-
during the PWM cycle when all the top switches are closastoprocessors with relatively low computing capacity. s
(which we will call T3) is reduced to zero, then the motomeeded since a distributed control system is to be impleadent
neutral point is connected to ground through a ballast itwtuc as discussed below, which must be economically feasible.
and finally timeT3 is reset to a value for a suitable brake Our test results show that this control system can still
current. Using this method, the generated current patieans achieve sufficient performance levels in spite of its sitipfi
be seen in Fig. 12, which are the regular drive waveforms but
with an offset. B. Distributed Control of the Motor

V. MOTOR CONTROL The linear motor is designed to be driven in a modular
way such that an arbitrary length of motor can be produced
and multiple elevator cars manipulated independently. The

Our control system for linear motor elevators has be&implest method for driving such a motor is to implement
designed by making use of some specific properties of thecentralized control scheme where each module is directly
problem. connected to a central controller. However this approach ca

First, we note that in contrast with the traditional elevatanly be applied to a limited number of movers in the system.
system, where the unbalance load of the elevator car aflderefore, control of the movers should be shared across loc
controllers instead of one master controller.

If a mover is going to traverse a certain part of the motor,
relevant segments along the way must be allocated and freed
as necessary with a predetermined timing to avoid collsion
as well as allowing for high utilization of segments. For
this work, a central coordination mechanism was selected fo
simplicity, but it will be replaced by a distributed mechsmi
ol A later for scalability, using a real-time computer netwotk t
) ) ) ) ) ) synchronize electrical phase timing.

e In the present implementation, to move an elevator car in
a multi—car elevator system from one floor to another, first
Figure 12.  Current waveforms for brake operation. segments of the motor between these locations are checked to

A. Position Control method

Current (A)
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Figure 15. Experimental brake force distribution of Motor 1

Figure 17. Generated brake force with respect to brake syrhotor 2

be available by a central coordinator, then they are resdiore
this motion, and finally the cage is moved by the coordinat%p”ed to each winding separately

) . . : creating the desirsdrst
interaction of all of the controllers in the reserved region

top magnetic field. The resulting sideways force on the magne
plate was measured. The results can be seen in Fig. 16. As the
VI. RESULTS mover changes position, the generated force is nearly anfyst

In this section results pertaining to two different motoii w and therefore suitable for the brake operation. It can akso b
be given: The small scale linear motor model purchased fegen that the force is not large. Therefore, a brake meahnanis
initial tests ‘Motor 1”, having the segmented winding patternwith finely adjusted mechanical advantage must be used. The
and the full scale motor designed under the guidelines stit foforce can be increased through a larger magnet plate orerbett
in this paper, having the balanced winding patteMotor 2.  magnetic design.

The stator top field produced by Motor 1 with respect to Finally, the change in the brake force with respecfyQ,.
position in the direction of motion can be seen in Fig. 14 fovhile the mover is stopped at one location is shown in Fig. 17.
each coil excited separately with a constant current. The fieSince the force changes almost linearly, it can be said teat t
produced with all phases excited with constant currentss albrake actuation is independent of the normal drive currents
shown as the lowest plot in the figure. It can be seen that taed can be controlled by the DC current component applied
latter has large variation. to the motor using a suitable motor driver, such as the one

The force generated by the stator top field obtained lescribed in section IV. The experimental results for both
supplying the modified current, + i, — i. = Ipc was also Motor 1 and Motor 2 agree with the analysis given previously.
measured with respect to the motor position. It can be seen in_astly, the payload capacity of Motor 2 was tested by
Fig. 15 that we can supply precise currents to keep the stabqplying a fixed motor current of 3 A (max) to the stator
top magnetic field relatively constant. and measuring the position of the mover with respect to the

After Motor 2 was designed and constructed, tests weneotor phase while increasing the load force. Since the nistor
carried out for the magnitude and uniformity of the brakector oriented vertically, as the load was increased, the moviéiesh
and payload capacity. The uniformity of the force generated a lower position. The results can be seen in Fig. 18. The
at the top of the stator for the brake operation of Motor 2 warover made up of N38 type magnets (labeled “N38 single”)
measured. A magnet plate with the length of one electrical capable of lifting a maximum of 8 kg. The only difference
phase and with the width equal to the stator width was bubetween the mover labeled “N38 single” and “N45 single”
using N38 type magnets. It was attached to the mover viasathe type of magnets. The latter, made up of stronger N45
linear bearing enabling motion perpendicular to the plahe magnets can lift up to 11 kg of payload. The dependence of the
the stator, and connected in such a way that the generategl fanotor load capacity with respect to magnet type can be glearl
was applied to a strain gage. The terminals of the motor weseen. It can be inferred from this result that the operatosi
reconnected so that the same magnitude DC current coulddfghe system, mainly the electrical power requirement can b
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