ELEVATGR ACTI VE GUI DANCE SYSTEM HAVI NG A COORDI NATED CONTROLLER Thi s

i nvention™elates to elevators and, nore particularly, to el evators having

- inproved rideguality. BACKGROUND OF THE | NVENTI ON El evator systens are

-~ al ways being designed to nove'faster, snmoother and:-nore intelligently up
and down an el evator shaft of a building. One area of recent intensive

| mprovenent has been in reduci.ng Hori zontal vibrations. A conventional

el evator systemhas a car platformw th a support frame which operates with

‘guide rails arranged i n t hELEVATOROACHIVE GUIDANCE &YSTEMy, and a passive
suspensi on system for cont HAVING ATQOORVINATED COMTROILEBN t he car
platform the supporting frane, and the guide rails as the elevator car
noves up and dovEhiseinvention wtkdtes g edewgliars and.c®A%RR or car

- platformis typically attached to the support, frame with hard rubber pads,
and the suparticwlariye, te releratonmhay s igruvestitdds g9t ddported by

ei ther wheels having stiff springs or sliding gibs at four attachnent

points. There is typically a limted anbunt of space between the supporting

: fram and. the guide rail S'_- BACKGROUND OF THE INVENTION

Elevator systems are always being designed to move
faster, smoother and more intelligently up and down an
elevator shaft of a building. One area of recent intensive
improvement has been in reducing horizontal vibrations.

A conventional elevator system has a car platform with a
support frame which operates with guide rails arranged in the
elevator shaft of the building, and_a passive suspension
system for controlling mechanical forces between the car
platform, the éupporting frame, and the guide rails as the
elevator car moves up and down the elevator shaft. For
example, the elevator car platform is typically attached to
the support frame with hard rubber pads, and the supporting
frame, in turn, moves along the guide rails supported by
either wheels having stiff springs or sliding gibs at four
attachment points. There is typically a 1imited amount of
space between the'supporting frame and the guide rails.-
Because of this soft springs cannot be used énd any anomalies
in the guide rails can cause significant vibration in the car

) platfofm. In addition, thé ride quality ié.typically affected
by low frequency mechanical forces produced by low frequency

forces on the elevétor such as forces produced by offset load



Because of this soft springs cannot be used and any anonalies in the guide
rails can cause significant vibration in the car platform In addition, the
ride quality is typically affected by | ow frequency mechani cal forces
produced by | ow frequency forces on the elevator such as forces produced by
of fset | oad 2 or wwnd buffeting of_the building or passenger notions in
the car platformand high frequency for ces produced between the frame and
"the guide rails as the el.evator noves up and down the el evator shaft. The

| ow f r equemry windhdwiffeit ihgr ofs thevbulildlingt btf pessengeni metdons, inhthe t he
hi gh frequency nechani cal forces have |ow stiffness requirenents. One

di sadvant ag@ropleksorme ado highs freanenchig foneegaprpduceds petiveen thet em
are that stiff springs and guide rail anonalies conbine to cause

si gni f i canfraae Mg&%ﬂﬂ rrddsang thet elr¥atpyemgyesi vp padcdeproni sed
due to the inherent trade-off between mtigation of |ow, frequency forces
versus t he HegRlevadesn ShaftchafhPaloWo fEeUeREY eBpehanical forces have

high stiffness requirements, while the high frequency
mechanical forces have low stiffness.requirements.

Oné disadvantage of the elevator system having the
passive suspension system are that stiff springs and guide
rail anomalies combine to cause significant car platform
vibration and that the ride quality is compromised due to the
inherent trade-off between mitigation of low frequency forces
versus the high frequency mechanical forces. Moreover,
another disadvantage with the conventional elevator is that
significant levels of acoustic noise are éroduced and
transmitted to the elevator cab by the guide wheels as they
move along guide rails.

These problems are overcome by an elevator systems having
an active guidance system (hereinafter referred to as the "AG
system") as described, inter alia, in European patent
application No. 0 467 673 and U.S. Patents 5,321,217;
5,304,751; 5,294,757; 5,308,938; 5,322,144. The AG system has
an active suspension system for controlling mechanical forces
between the supporting frame of the elevator/cab ﬁnd the guide

" rails as the elevator moves up and down the elevator shaft.
In the AG systems, the support frame has active roller guides,

magnetic guide heads or other active horizontal suspensions



anot her. di sadvantage with the conventional elevator is that significant
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elevator shaft.

However, the known AG systems utilize localized
controllers which attempt to independently control the
physical relationship between the guide heads, roller guides,
slide guides, etc., and the guide rails in each axis of
motion. These localized controllers do not share information.
One disadvantage of an AG system having localized controllers
is that forces which control one axis can have an adverse
effect on other axes.

The proposed eleévator AG system.utiliées-a coordinating
-controller which attempts to aecouple the system dynamics by
transforming the effective control into a global coordinate
system aligned with the principle axis of the elevator car.
By sharing information (sensing and actuation) from each guide
head this system can minimize the amount of dynamic coupling
(i.e., minimize the off-diagonal terms in the system plant
transfer function) thereby allowing effective single-
input/single-output (SISO) control logic to be developed for
each axis of control in the new global coordinate_system.

-~ This is an improvement over AG systems which. use localized
control whose performance is restricted by unmodeled and

uncompensated dynamic interactions.



control |loop as the el evator noves up and down within the el evator shaft.
However, the known AG systens utilize localized controllers which attenpt
to i ndependently control the physical relationship between the guide heads,
roller guides, slide guides, etc., and the guide rails in each axis of
notion. These localized controllers do not share information. One

di sadvant age of an AG system having l,ocalized controllers is that forces
whi ch control one axis-can have an agverse effect on other axes. The
proposed el evator AG system usuMMARE 6rcoprdrRetNngomgontrol [ er which
attenpts to decouple the systemdynamcs by transformng the effective
control into a Thebmvennich nBextnyed cn adlarerbmiAd dyeetgn | e Phdimxisn of
the el evator car. By sharing information (sensing and actuation) from each
gui de heacelevatey scamm awing A nframe HehathmoperatesyomguidoumEils) 4f .an ,
mnimze the off-diagonal terns in the systemplant transfer function)
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to be devel oped for each axis of_ control in the new gl obal coordinate
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kinematically defined by five degrees of freedom including

side+to-side translation along the X axis, front-to-back
translation along the Y axis, a pitch rotation about the X
axis, a roll rotation about the Y axis, and a yaw rotation
about the Z axis. The elevator AG system includes local
parameter sensing means, responsive to local parametérs sensed i
in each of the five degrees of freedom in the global
coordination system (X, Y, Z), for providing local parameter
signals; coordinated control means, respoﬁsive to the local
parameter signals, for providing coordinated control signals;
and local force generating means, responsive to the
coordinated control signals, for providing local coordinated
forces to maintain desired parameters in a coordinate fashion.
An object of the invention is to provide an AG system in
which the physical relationship between each active guide and
a selected referent such as a guide rail is coordinately
controlled.
A feature of the invention is to provide the AG system
" having a coordinated controller which utilizes sensor

information from all the active guides and which generates

coordinated forces and movements to all active guides



control whose performance is restricted by unnodel ed and unconpensat ed _
dynam c interactions. 4 SUMVARY OF THE | NVENTI ON The i nvention features
an el evator AG systemincluding an el evator car having a frane that
operates on guide rails of an elevator shaft of a building. The el evator
car has a rigid body notion in a global coordination system (X, Y, 2)
kinematically defined by five degreeg of freedomincluding side-to-side
transl ation along the X axis, front-to-back translation along the Y axis, a
pi t ch rot atsimultandoudiy X di ffedt) thediicrdimdted ddifcrbldds, and a
yaw rotati on about the Z axis. The el evator AG system i ncludes | ocal

par anet er saetdinates he appiciaices systenc aih iy aviptiorisz exe ided systaach of
the five degrees of freedomin the global coordination system (X Y, Z2),

for provi diRIWhICPR RS crangd gidioh effectiivealat dasaupdlesidhes system
responsive to the |local paraneter signals, for providing coordinated

cont rol Sufﬁﬂqﬂlcs thereby maximizing the achievable feedback bandwidths

of position feedback control (to keep the car nominally
centered it its travel.range) aﬁd.accelerometer feedback
control (to reduce the car’s horizontal vibration level and
therefore magnetic bearing stiffnesses).

-For;active magnetic guidance (AMG) systems, the
coordinated controller is an important improvement due to the
high magnetic bearing stiffness (i.e. position feedback
control bandwidth) required due to relatively small tolerances
between the guide heads and guide rail (i.e. a few
millimeters) and the potentially large reaction forces
required to center an imbalanéed car.

In addition,. an AG system can utilize the coordinated
control in an elevator system in conjunction with a priori
knowledge of guide rail profile data to minimize rail-induced
car vibrations, which eliminates the need for guide wires (see
U.S. Patent 4,754,849) for position referencing.

A further advantage of the invention is the reduction of
céb vibration, noise levels and mainténance of elevator
systems. In particular, the invention can reduce cab

" vibration levels by an order of magnitude.



and | ocal force generating nmeans, responsive to the coordinated control
signals, for providing |ocal coordinated forces to maintain desired
paranmeters in a coordinate fashion. An object of the invention is to
provi de an AG systemin which the physical relationship between each active
guide and a selected referent such ag a guide rail is coordinately
controlled. A feature of the invention is to provide the AG system having a
coordi nated controller which utilizes sensor information fromall the
active guides and whi ch genep&seRIPUUONI Ort PHEf DRAWINGnd novenents to al
active guides 5 simultaneously. In effect, the coordinated controller
coor di nat es t heFowi alafukley sunderdtaid ingi of Zese thateystand dybpects of
coupling, and which effectively decouples the system dynam cs thereby

maxi m zi ngthaecinvention) créferenck shonld doésnade pesi thenfobbomwtnk contro

(to keep the car nomnally centered it its travel range) and accel eroneter
f eedback detailed description taken in connection with the accompanying

drawings in which:

Figure 1 is a block diagram of an elevator AG system of
the invention.

Figure 2 is a schematic of an elevator car 12 in an AMG
systen.

Figure 3 is a top view of a typical active magnetic guide
head of the elevator car shown in Figure 2.

Figure 4 is a side view of the side-to-side axis of the
active magnetic guide head shown in Figure 3.

Figure 5 is a side view of the front-to-baqk axis of the
active magnetic guide head shéwn in Figure 3.

Figure 6 is.a block diagram of a mathematical
representation of the coordinated controller 16 shown in
Figure 1.

Figure 7 is a hardware block diagram of a position
feedback controller 100 shown in Figure 6.

Figure 8 is a software block diagram of a feedback
compensator shown in Figure 6.

Figure 9 shows single-degree-of-freedom magnetic bearing

" control in the form of a Simulink diagram of accelerometer and

position feedback compensators shown in Figure 6.



control (to reduce the car's horizontal vibration |evel and therefore
magneti c bearing stiffnesses). For active nagnetic gui dance (AM5 systens,
the coordinated controller is an inportant inprovenent due to the high
magneti c bearing stiffness (i.e. position feedback control bandw dt h)
required due to relatively small tol & ances between the gui de heads and
guide rail (i.e. afewmllinmeters) and the potentially |arge reaction
forces required to center an inbalanced car. In addition, an AG system can
utilize the coorrliigquatedi @ dd reolgrapharofe posdtuirors yearsus rEiownjfierid dPaAith a
priori know edge of guide rail profile data to mnimze rail-induced car

vi br at i ons,Newliarh applieditstephe need for guide wires (see U S. Patent

4,754,849) for position referencing. A further advantage of the invention
i s the reducti orFigurebll(a) andn(bnsthavs & Bodey Rk ehHt AN at or

systems. In particular, the jnvention can, reduce cab vibrgilon | evel s QY an
order of nefeRkRN and the inverse closed-loop response from force input

to position output.

Figure 12(a) and (b) shows another Bode plot of a GH
transfer function and the inverse closed-loop response from
force input to position output.

Figures 13(a) and (b) shows a frequency response for the
controller.

Figures 14(a) and (b) show responses for the controller

and (c) Figure shows a filter for the response in Figure (b).

DESCRIPTION OF THE BEST MODE FOR CARRYIN& OUT THE_ INVENTION

I. THE OVERALL AG ELEVATOR SYSTEM
In general, Figure 1 shows an active guidance (AG)
elevator system 2 for controlling horizontal movements of an
elevétor car 12 in an elevator shaft (not shown) of a building
(not shown). The elevator car 12 is shown in detail in Figure
2 and has a car frame 13 with four guide heads 10, 20, 30, 40,
which are shown in this example as magnétic guide heads. It
should be realized, however, that the guidance system of the
present invention is applicable to an elevator system having a
" plurality of active guides of any type, including active

roller guides, active slide guides, etc. The car 12 moves

upwardly and downwardly along rails such as guide rail 20a in



6 DESCRI PTI ON OF THE DRAW NG For a fuller understanding of the nature and
obj ects of the invention, reference should be made to the foll ow ng
detail ed description taken in connection with the acconpanying drawi ngs in
which: Figure 1 is a block diagramof an el evator AG system of the
invention. Figure 2 is a schematic of gan el evator car 12 in an AMG system
Figure 3 is atop viewof a typical active magnetic guide head of the

el evator car shown in Figure 2. Figure 4 is a side view of the side-to-side
axi s of th&imputes Irnetin thisid Namtrated dasdiafirBiiraiyurthes 3G a
side view of the front-to-back axis of the active magneti c gui de head shown
in Figure ®levafinr system 3| ik ikhissgmadiive madnetic cuidanges@M@t i on
of the coordinated controller 16 shown in Figure 1. ;hgure 7 is a hardware

bl ock di agreffitam Fiplsdh sRErekt dhs Thabinesition Hodhe elsvpher sar

12 with respect to the elevator shaft (not shown) as a
function of the local position between the gﬁide heads and the
rails. |

In general, however, as shown in Figure 1, the elevator
system 2 features a local parameter sensing means 14, a
coordinated control means 16, and a local force generating
means 18, which cooperate to control the horizontal motion of
the elevator car 12 with respect to a selected referent.

For the example of Figure 2, the local parameter senéing-
means 14 is responsive to a local parameter sensed in each of
the five rigid body degrees of freedom in.fhe global
coordination system GCS havin§ X, ¥, Z axes, for providing
local parameter signals G, Am; For example, the local
parameter signals G,, A, include local air gaps G, sensed
between guide heads 10, 20, 30, 40 and guide rails (not
shown), and local acceleration signals A, sensed at the guide
heads 10, 20, 30, 40. In response thereto, the local
parameter sensing means 14 provides assﬁciated locally sensed
parameter signals on line 1l4a, represented by the dashed line
12a. The local parameter sensing means 14 of the example of

" Figure 2 is shown and described in detail below with respect

to Figures 3-5.



Figure 8 is a software bl ock di agram of a feedback conpensator shown in
Figure 6. Figure 9 shows single-degree-of-freedom nmagnetic bearing contro
in the formof a Simulink diagram of accel eroneter and position feedback
conpensators shown in Figure 6. 7 Figure 10 is a graph of position
versus tinme for a 100 Newton applied 8tep. Figure 11(a) and (b) shows a
Bode plot of a GH transfer function and the inverse cl osed- | oop response

Bode pl ot of a GBS FRRERArt e (R ete WD Avorsd drs, sxuBle B2 hC
e o%s? i A S I A, e
Eg; the CO%&%&%@&M %o@dqu{aece%ﬁ%&ofr dighma® ddlg cRSpoees,i eefigure
CCy; on the line 16a. The coordinated control means 16 for the
example-of Figure 2 is shown in detail and described below
with respect to Figureé 6, 7, 8, 9 and 9(a). The coordinated
control means 16 utilizes information gathered from all the
guide heads in the form of the local parameter signals G,, A,
and provi@es the coordinated control signals CC,, CC,, CC,,
CCy,, CCy on'thé line 16a in a coordinated manner which
harmonizes the multi-axis movements of the elevator car 12
simultaneously.

. The local force generating means 18 is responsive to the
coordinated control signals CC,, CC,, ccﬂ; CC,;, CCy; on the
line 16a, for providing coordinated local forces F¥x,, Fx,, Fy;,
Fy,, Fy;, on a dashed line 18a to maintain desired gaps between
the guide heads 10, 20, 30, 40 and the guide rails to
coordinate the positidn of the elevator car 12 with respect to
the elevator shaft of the building. The local force
generating means 18 may include magnetic
drivers/electromagnets which are discuséed below.

As shown in Figure 2, the rigid body motion of the
elevator car 12 is kinematically defined in the f;ve degrees
- of freedom. of the global coordination system GCS having X, Y,
2 axes by side-to-side translation along thé X axis, front-to-

back translation along the Y axis, a pitch rotation about the



DESCRI PTI ON OF THE BEST MODE FOR CARRYI NG OQUT THE I NVENTION |. THE OVERALL
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el evator system 2 for controlling horizontal novenents of an el evator car
12 in an el evator shaft (not shown) of a building (not shown). The el evator
car 12 is shown in detail in Figure 21@nd has a car frane 13 with four
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measured along the X axis in the global coordinate system GCS
and a force Fy is defined along the X axis. The front-to-back
linear translation Y. is measured along the Y axis in the
global coordinate system GCS, and a force Fy is defined along
the Y axis. The pitch rotation fy is rotationally measured
about the X axis in the global coordinate system GCS, and a
moment My, is defined about the X axis. The roll rotation 8y is
rotationally measured about the Y axis in the global
coordinate system- GCS, and a moment My is defined about the ¥
axis. The yaw rotation 0, is measured about the Z axis in the
global coordinate system Gcs; and a moment M, is defined about
the Z axis. Each of the three rotational arrows shown in
Figure 2 indicates the direction of a positive moment about
the respective axes. (Note that for the purposes of this
discussion the measurement and motion of the elevator car 12
are not controlled by the AMG system with respect to
translations in the Z axis.) -

In addition, each guide head 10, 20, 30, 40 has a
respective local coordinate system LCS,;, LCSy, LCSs, LCSy,
" having X;, Yi, Z; axes. For example, the guide head 10 h;s a

local coordinate system LCS,, having an x, axis and a y, axis

with forces F, and F,; respectively defined along these axes,



function of the | ocal position between the guide heads and the rails. In
general, however, as shown in Figure 1, the elevator system?2 features a

| ocal parameter sensing neans 14, a coordinated control nmeans 16, and a

| ocal force generating neans 18, which cooperate to control the horizontal
nmotion of the elevator car 12 with regpect to a selected referent. For the
exanpl e of Figure 2, the |ocal paraneter sensing neans 14 is responsive to
a local paraneter sensed in each of the five rigid body degrees of freedom
in the gl olzd shoymli n@hergwldd dreddCR hhdasn@ N ochl £opmbindte syshendi ng

| ocal parameter signals [err]. For exanple, the |ocal paraneter signals
[err] i ncllgfy, hawingian gapexfier ahdsanygdxdist weidih flanteshdigand) F,20, 30,
40 and guide rails (not shown), and |ocal acceleration signals Amsensed at
the guide respectively aRf ingyl akenediesr ieTetds M .ochpaikds er
sensing neans 14 provi des, associ at ed, Ioca%gé;sensed paraneter signals on

line 14a, M&AEFhthas & ]t‘PféaJd ’rr}arﬁ,ﬁ emeI‘Q%Q:&’ra‘ﬁfﬁ%r?é't §§?1§| ng

means 14 of the exanpl,e of ur e is shgmm and desgrlbf n detgl bel ow
with respe@nd & Fisgh is wikl orces F,; and F,; respectively d fined along

these axes, as shown. The guide head 40 has a local
coordinate system LCS, having an ¥, axis and a y, axis with
forces F,, and Fy respecfively defiﬁed along these axes, as
shown.

For each of the four guide heads 10, 20, 30, 40, its
three respective electromagnets produce forces Fy, Fy, Fp, Fpo
Fis, Fy3, Fy and F, along the respective local x; and y; axes. It
is assumed that the local forces along the.xiand y; axes act
through the origin of its respective local coordinate systen
LCS;. One could easily accoun£ for any offset in the local gz
axis between these two forces due to magnet positioning by
adding additional length parameters in this kinematic
characterization. What follows is a description of the
elevator AG system implemented on an elevator in which the
local sensing means 14 and local force generating means 18 are
co-located on guide heads whose position can be approximated
by a single point. Gap sensors, accelerometers, and force
generators are described which sense or act on the same point

" on the elevator. Anyone skilled in the art of kinematic
analysis would be able to extend this description to systems

in which this approximation were not true. In particular, the-.



9 The coordi nated control nmeans 16 for the exanple of Figure 2 is
responsive to the | ocal paraneter signals [err] for providing coordinated
control signals [err] [err] on the line 1l6a. The coordi nated control neans
16 for the exanple of Figure 2 is shown in detail and described below with
respect to Figures 6, 7, 8, 9 and 9(a)2 The coordi nated control neans 16
utilizes information gathered fromall the guide heads in the formof the -
| ocal paraneter. signals [err] and provides the coordinated control_ signals

[err] [err]9eVEHaRRs (KINEM G Fransfadateiat nafgesHiTdh Fmemdz&4)t he
Gener at | ng YOG P B LD R (48 (T GRS AR AE R GPRRetrary |
o dashed 1 ne. 18RS oAb SRR S PG didhuen Yorg i ndk R B2 20,
30, 40 amj}éf%égﬁ‘%%’éﬂésafébal coordinate system GCS based on five
lengths a, b, ¢, d and e, as shown in Figure 2. The lengths a
and b define the lever arms for the pitch rotation 6y about
the X axis and the roll rotation §y about the Y axes. The
lengths ¢, d and e define the lever arms for the yaw rotation
0, about the Z axis. For the typical case, one assumes a=b,
d=e and c=0. A discussion of how the five lengths a, b, ¢, d
and e are used in the AMG system is discussed below with
respect to Figurés 6-8.

In one embodiment, discussed below, the position of the
elevator car 12 is measured in three of tﬁe four.local
coordinate systems LCS,y, Lcsm} LCS;, and coordinated local

forces F,, Fu, Fu, Fp, Fy; are applied in the same three local
coordinate systems LCS,,, LCS,, LCS),. The measurements are
used to determine the deviation of the elevator car 12 from a
desired position in the ‘'global coordinate system GCS, and the
forces necessary to move the elevator car 12 back to the
desired position in the global coordinate system GCS. In an
alternative embodiment, discussed below, the position of the
elevator car 12 is measured in all four local coordinate

" systems LCS,,, LCS,, LCS;, LCS, and coordinated local forces

Fur For F

e Fyp, Fys, Fy, are applied in the all four local

coordinate systems LCS,;, LCSy, LCS;,, LCS4.



coordinate the position of the elevator car 12 with respect to the el evator
shaft of the building. The | ocal force generating neans 18 may i ncl ude
magnetic drivers/el ectromagnets which are discussed bel ow. As shown in
Figure 2, the rigid body notion of the elevator car 12 is kinematically
defined in the five degrees of freedom of the global coordination system
GCS having X, Y, Z axes by side-to-sit® translation al ong the X axis,
front-to- back translation along the Y axis, a pitch rotation about the

10 X axis, IZ.r BHE LOCAL HARMETER (SENEING MEANRI 14 yaw rotation about the Z
axis. As shomn t he_gl obal coordi nate system GCS has Its origin at
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and front respectively of the guide rail 20a and exert forces

in the y, axis, which is also referred to herein as the front-
to-back (f£/b) axis. The electromagnet 24 exerts a force in
the x, axis, which is also referred to herein as the side~-to-
side (s/s) axis. The force develéped and exerted by each
magnet is detected by magnetic flux sensors on each magnet
pole face, i.e a flux sensor 60 on electromagnet 22, a flux
sensor 64 on electromagnet 24, and a flux sensor 62 on
electromagnet 26. The induced magnetic force is proportional
to a respective square of each sensed flué signal. The flux
sensors are axial_flux sensors, because of the shape of the
rail. The scope of the invention is not intéhded to be
limited to any particular type of flux sensor. For example,
transverse flux sensors might be used if the guide rails had a
different shape.

The position of the guide head 20 relative to the guide
rail 20a is measured locally along both.the X, and y, axes
using non-contacting air gap sensors. As shown in Figure 4,
the guide head 20 includes a non-contacting air gap sensor 66

" for measuring the side-to-side (s/s) air gap along the x, axis

between the guide rail 20a and the electromagnet'24.



the Y axis. The pitch rotation [err] is rotationally measured about the X
axis in the gl obal coordinate system GCS, and a nonent. Mk is defined about
the X axis. The roll rotation [err] is rotationally neasured about the Y .
axis in the global coordinate system GCS, and a nonent [err] is defined
about the Y axis. The yaw rotation [el#] is measured about the Z axis in

t he gl obal coordinate system GCS, and a nmonent [err] is defined about the Z

Girection of a MosTRTYE HOnBhYUEBote FIE FELTRCeth 2SS R Sor
car 12 or SOBTCRBRRTEIEDS TR ARSShtbrar heraanal e o SR o
ol Seu Aokl UL aF0R0, B G, AR, Meueln e fRuleetincnnichpe
Lorr] axi o PG R BRR R P R on e, A e P T hers
axes, are known in the art. Information from the non-contact air
gap sensors 66, 68 is processed to determine the'amount of
rigid body motion and dynamic car twist the elevator car 12
has experienced and is used to provide force commands to the
local force generating means 18.

In addition, as shown in Figure 3 the Quide head 20 may
also include accelerometers 70 and 72 on guide head 20.
Similar accelerometers are located on the other three guide
heads 10, 30, 40. The accelerometers 70 and 72 sense side-to-
side (s/s) and front-to-back (f£/b) car accelerations at the
guide heads 10, 20, 30, 40. The sensed local acceleration

signals A_, may be used in an acceleration feedback loop,

discussed in detail below.



as shown. The guide head 20 has a | ocal coordinate system|[err] having an
x2 axis and a [err] axis with forces [err] and [err] respectively defined

al ong these axes, as shown. The guide head 30 has a | ocal coordinate system
LCS30 havi ng an [err] axis and a y3 axis with forces [err] and [err]
respectively defined al ong these axeslS as shown. The guide head 40 has a

| ocal coordinate system|[err] haV|ng an [err] axis and a [err] axis with

forces [err]_and [er res ectively defined along t hese axes, as shown. TFor
each of thet¥burT éﬁ ﬁéo §T§B CONTRQp MEANS 18"t nree respective

féiéfrf’gg??e;ﬁdp RN thSfFE frrwséaé Shiothe Arot fiAq e ot tEL &P Bicig
err t.t ' [
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| ocal [errleﬁé%g?fféggﬁﬁmtESSEhémﬂeéﬂéée fdﬂfoé&g araéééfﬁﬁéﬁbe

Sﬁdln? addi paraneters int |nenat| erization
at follo de h Rk e r n
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-coordinate system GCS. In general, the best performance (i.e.
highest bandwidth position and accelerometer feedback control)
will be qchieved when the global coordinate system GCS is
coincident with the center-of-gravity of the elevator as this
minimizes the amount of dynamic cross-coupling in the system
response. There are four basic control logic elements in the
coordinated controller of the AG system: posiﬁion feedback
coordinated controller 100, accelerometer.feedback coordinated
controller 200, force coordinator 300, and a dynamic frame
flex controller 400, all discussed in detail below.

For the illustrated embodiment, there are three basic
input signals to the elevator control system: the air gap
signals sensed between the guide heads 10, 20, 30, 40 and the
respective guide rail, represented by the vector G,, the
acceleration signals sensed at the four'guide heads 10, 20,
30, 40, represented by the vector A,, and vertical position
sensed with respect to the position of the elevator car 12 in

~ the elevétor shaft (not shown), represented by a parameter Vp.
The air gap signals G,, the acceleration siénals A,, and the

vertical position signals Vp all influence the coordinated



by a single point. Gap sensors, accel eroneters, and force generators are
descri bed which sense or- act on the sane point on the el evator. Anyone
skilled in the art of kinenmatic analysis would be able to extend this
descripti.on to systens in which this approximation were not true. In _
particul ar, the 12 devel oped ki ne Ic transformation matrices (T1, T3,
and T4) woul d be nodified based on this new alternate system geonetry. The
| ocal coordinate systens [err] are related to the gl obal coordi nate system

GCS based efntrytleengelfsaleband, ddtefiife R6wSLEEohtrdlidgUtlte novdifent
|l engths a and b define the lever arns for the pitch rotation [err] about

t he X axi sointhéhelevhtorotari as fermbvadoup ahe dowxein the ébewpteorc, d
and e define the lever arns for the yawrotation [err] about the Z axis.
For the typhaft.case, one assunes a=b, d=e and c=0. A discussion of how the
five lengths a, b, ¢, d and e are used in the AMG systemis di scussed bel ow
W th respect to Figures 6-8.
A. A Learned-Rail System 80
Figure 6 shows that the AG elevator system 12 includes a
learned-rail system 80 which compensates for rail |
irregularities in an open-loop or anticipatory fashion using a
technique disclosed in U.S. patent application no. 07/668,544.
In that technique, the acceleratioq and position parameter
signals are sensed during an elevator run, are combined, and
stored in a computer memory as information about rail
displacement indexed as a function of elevator vertical
position, for creating a rail profile irrégularity map 82 as
shown in Figure 6. During operation, the values for the
desired air gaps G;, where G, = Gy, Gpo, Gsgo are augmented with
correction rail profile displacement information based on a
table lookup using the elevator vertical position. For
exampie,’the desired air gaps G, are determined by summing
desired nominal gaps, G,, and estimated rail irregularities,
Xr, at the vertical position Vp of the elevator cab.
As shown, the rail profile irregularity map 82 is
responsive to a vertical position signal Vp of the elevator
" car 12, for providing the estimated rail map irregularity

signals Xr. A summing circuit 84 is responsive to the

estimated rail map irregularity signals Xr, and is further



I n one enbodi nent, discussed below, the position of the elevator car 12 is
nmeasured in three of the four |ocal coordinate systens [err] and

coordi nated .| ocal forces [err] are applied in the sane three | ocal
coordinate systens [err]. The measurenents are used to determ ne the
deviation of the elevator car 12 fromma desired position in the gl obal
coordi nate system GCS, and the forces necessary to nove the elevator car 12
back to the desired position in the global coordinate system GCS. In an

al t er nat i veeepbosgiivento &hecdesddedenowinahegppsEigpalsf Gihefa @rawding
12 is measured in all four l|ocal coordinate systenms [err] and coordi nated
| ocal forcEbe[ desfired aixr gamsiigaalsnGhatbich ierpresanss dhn demixed
systems [err] . 13 I'1. THE LOCAL PARAMETER SENSI NG MEANS 14 As shown in
Figure 3, airypees afuithe respestdyeaguide herds Afad2%e 4P FAfure 2

' ncludes three %L%%&%gg%ggglih%?br%gent invention, the air gap signals
G, sensed at the guide head 10, 20, 30, 40 in the local
coordinate systems LCS,,, LCS,;, LCS;, LCSy. G, represent the
actual local air gap signals sensed by the five local gap
sensors discussed above for being compared to the desired
nominal gaps G, augmented by the learned-rail signals Xr in
closed loop fashion to provide position error signals G, that
are determined by subtracting the sensed air gap signals G,
from the desired local gap signals G;. As shown, a subtracting
means 95 is responsive to the air gap signgls G, and the
desired air gap signals G,, for providing position error
signals G, in the form of local position error signals x,,,
Xaper Yiper Yapor Yopo©

The scope of the invention is not intended to be limited
to embodiments using such a learned-rail system 80. In an AG
system 12 without a learned-rail system, the air gap error
signais G, are compared only to the desired nominal gap

signals G, and the difference is provided to the coordinated

control 16 as position error signals G,.



and 26. The el ectromagnets 22 and 26 are |l ocated in the back and front
respectively of the guide rail 20a and exert forces in the [err] axis,
which is also referred to herein as the front- to-back (f/b) axis. The

el ectromagnet 24 exerts a force in thesx2 axis, which is also referred to
herein as the side-to- side (s/s) axis. The force devel oped and exerted by
each magnet is detected by magnetic flux sensors on each magnet pole face,

i.e a flux sens £l e o) t flu ensor 64 on el ectromagnet
24, and a fl ux g%ng%¥£@%L6%5%%%ggggié%ﬁé¥gék%§gé;g§'nduced magnetic force is
proportional to rﬁgﬁﬁgggi\f f qun f [ lnn the flux
sensors are axi zﬁq’f ux selds}r%ﬁ%ﬁsoél Of %g%}ﬁ%ﬁé%]?h%nﬁgol; he scope
of the inveyd difvd TdendehdiG e |drp : Ry goar tésul fggﬁ., f
flux sensor. For elxarrp oe, tran verlsel% uﬁsotgﬁ%ol sa%ght’“'b_e use%rol‘% t ego

gui de rai | $d5dihdtdd Yribas ¥ice TRAIMP 40 ¥%id) ie bt

an
relative to the guide rail 20a is measured |ocally along both the x2 and
[err] axes aySid)g pr¥iteiasH atdddishaX IsiGHRISENIRQL S TRE 3664 bBsEtfoheedrothe

gui de head 20 includes a non-contacting air gap sensor 66 for nmeasuring the
si de-to-si A1y G, 'r@gffefe M Otided Xrericn of the air gaps measured in
millimeters between the guide heads 10, 20, 30, 40 and the
guide rails, and the coordinated global force or moment
position feedback signals FC, represent the globél force or
moment feedback measured in newtons that corresponds to the
local position error signals G.

The desired components of global coordinated force or
moment position feedback signals FC, at the guide heads 10, 20,
30, 40 are obtained by the equation: . . '

{FC;} = [C(S)1[T1]{Cue}

where FCp = [FCy,,. FCy,, FCyy, FCype FCupl, where [C(s)] = diag
[Ctx(s), Cty(s), Crx(s), Cry(s), Crz(s)], where G, = [Xyper Xy
Yiper Yoper Yipe)s, @and where the matrix T, mathematically
represents a transformation matrix used by a local-to-global -
coordinated position feedback controller 102. The air gap
error signals G, in the local coordinaté systems LCS,;, LCS,,
1CS,,, LCS,, are thus converted to coordinates in the five
degrees-of-freedom GCS coordinates by the local-to-global

" coordinated position feedback controller 102. The resulting
coordinated global position error signals X,., Y,, RX., RY,,

RZ, are then fed into position feedback controllers 104-112,



between the guide rail 20a and the el ectromagnet 24. 14 As shown in
Figure 5 the guide head 20 also includes a non-contacting air gap sensor
68 for neasuring the front-to- back (f/b) gap along the [err] axis between
the guide rail 20a and the electronagﬂﬁt 20. The non-contact air gap _
sensors 66, 68 are known in the art. formation fromthe non-contact air
gap sensors 66, 68 is processed to determ ne the anbunt of rigid body

[ ] ' I 12 h ' d and i
Used to prEcYHesparEd BhnkBRRaEs kN EoT oEGIS] br cehGanar r?%@é‘lﬁ@%ﬁi“lg'_ “In
iti ' j h i de head 20, ' e
ccel er ol oy EasiReld G18HAT FobH8, G SneRE per L f T e SRR o1 o ar e
| ocat ed oncgﬁﬁégégﬁ%oﬁQ%Sgngg%gﬁcgﬁggiﬁégFFso, ég. Theg.accel eroneters 70

and 72 sense si - ! backr( f %&Wtar accel erations

at the guide 'hefngAOth@Q,' 2fle éQorJﬁ?aé&gS@im%P&f‘iePCfé'ﬁ‘iaﬂé’ %féﬁgslé

[err] may be used in an accel eration feedbac oop,
sense utilizes local gap signals from five local gap sensors
measured along the x,, X,, ¥,, ¥, and y; axes in three of the
=guide heads 10, 20, 30. In the émbodiment shown, gap sensors
66 and 68 in Figure 4 and 5, respectively, provide measured
gap sign;ls along the x, and y, axes in guide head 20, while
similar gap sensors 66/, 68’ (not shown) provide similar
measured gap signals along the x,, y, axes in guide head 10,
and a similar gap sensor 68/’ (not shown) provides a similar
measured signal along the y, axis in guide head 30. Anyone
skilled in the art of kinematic analysis 66u1d derive similar
relationships for other sensor combinations in other
combiﬁations of guide heads.

The rigid body motion in the global coordinate system GCS

is determined from the local gap signals from these five local

gap sensor by using the linear equation 1, as follows:

%] 1o o -a-d %]
X 110 0 b -cl|¥
yvif=101 a 0 d||6g Eg. (1)
v,| [01-b 0 dile,
A 01 -b 0 -e -ez-




di scussed in detail bel ow 15 111. THE COORDI NATED CONTROL MEANS 16
Figure 6 shows in detail the coordinated controller nmeans 16 in Figure 1.
The heart of the AG centering and vibration control systemis the nethod of
processing | ocal paraneter signals, ipcluding |ocal air gaps and
acceleration signals, to determ ne ed%?valent rigid body notions at the

gl obal coordinate system GCS. I n general, the best performance (i.e.

hi ghest bandwi dth position and accel eroneter feedback control) wll be
achi eved wwheneagllbat, cdoard ey eas preniaacly disgussiaf in warnedision
center-of-gravity of the elevator as this mninzes the anmount of dynamc
- cr oss- couplWigh inigure Fsteed 2t fehr clogercoondinahis syshensdfiSiol LGFgi.c
el ements in the coordinated controller of the AG system position feedback
" coor di nat edConta | LGS kP e Tiohpkteordinahe SN AT Gt ie Kcc dft £HRI er

200, force coordinator 300, and a dynami.c frame flex controller 400,  al
di scussed iSidRTEeTSIe Spranslation; Y. is the front-to-back translation;

and 04 is the pitch rotation, 6, is a roll rotation, and 4, is
a yaw rotation, discussed above, and x;, X,, Y, ¥, and y; are
sensed side-to-side and front-to-back measurements at the
respective guide heads 10, 20 and 30 respectively. Equation
1 enables the guide head positidns to be predicted as a
function of the position of the center of the elevator car 12.
In effect, Equation 1 is compact mathematical notation

for a set of linear equations as follows:

¥ = X, - aly - cl,, |

X, = Xo + bly - cl,,

aly + db,,

i

<
Q

+

Y:

|
&
|

Y2 b0y + d8,, and

Ys = Yo - by - efy,
wherein a positive sign indicates a rotation in the direction
of the arrow in Figure 2 and a negative sign indicates a
rotation in an opposite direction from the arrow. .Note that
the values of the five lengths a, b, ¢, d and e of Figure 2
represent the values of the similarly labelled coefficients in
the T1 matrix as any person skilled in the art wounld
appreciate.

By inverting Equation 1, one can readily show that the

rigid body motions in the global coordinate system GCS can be



For the illustrated enbodi nent, there are three basic input signals to the
el evator control system the air gap signals sensed between the gui de heads
10, 20, 30, 40 and the respective guide rail, represented by the vector
[err], the acceleration signals sensed at the four guide heads 10, 20, 30,
40, represented by the vector [err], Zihd verti cal position sensed with
respect to the position of the elevator car 12 in the elevator shaft (not
shown), represented_by a paraneter_Vp. The air ga i gpal ert he

accel er at i 8atergiALe %EPP]Fhﬁna°Fﬂ% gﬁﬁt?ﬁﬁ?rpﬁggg?iﬁ YgﬁQLEE%%ha%r as

I nfl uence thf coor di nat ed 16 controller neans 16 and determ ne how it
control s th8liBYEAent of the el evator car as it noves up and down in the
el evator shaft. A A Learned-Rail System 80 Figure 6 shows that the AG

el evator system.12 infl ydes g |l earned-raid system8p which conpensates for
rail irregularities i 3g oggB-IGOp or g4 ci patgrg| fashion using a

X 0 0 b ae-be d | [*]

Y, a+b (a+b) (d+e) d+e X,

1 -1
Gx = 0 m a+1_) 0 Y| ... Egq. (2)
|8y -1 1 ' d' | o 7). L e
0] a+b a+b ' Vs,
1 -1
] 0 ° ° d+e d+e)

Equation 2 is an inverse of equation 1 and enables one to
predict the position of the center of the elevator car 12 as a
function of the local positioﬂs of the guide heads 10, 20 and
30. '

In effect, Equation 2 is also compact mathematical
notation for a set of linear equations as follows:

Xc = xb/ (ath) + xa/(atb) + y,cf(d+e) - yic/(dre),
Y. = y;b/ (ath) + y,(ae-be)/ (a+h) (d+e) + y;d/(d+e),
Bx = %/ (a+b) = ¥,/ (a+b),

0y = -x,/(a+b) + x,/(a+b), and

0, = Yi/ (ate) - y/ (d+e), |

By solving these equations, the coordinated global
displacement errors X, Y., 0x, 0y, 0z in the global coordinate

" system GCS are determined,ni.e., how much the center of fhe

elevator car 12 has deviated from its desired center position.



techni que disclosed in U S. patent application no. 07/668,544. In that
techni que, the acceleration and position paraneter signals are sensed
during an elevator run, are conbined, and stored in a conputer menmory as

i nformati on about rail displacenent 3 exed as a function of el evator
vertical position, for creating a rail®profile irregularity map 82 as shown
in Figure 6. During operation, the values for the desired air gaps d,

where Gd = [err are, augnented with correctlon rall roflle acenent
i nf or mat i on bas]]é'ti RAFH IR B LPRTHe1HeRa %aﬁf%sl tion.

non ﬁé?”p've :“oérh S:red & rﬁ%&&wq:%%%{@%d@? l%l R ver i cal
t
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and is fUrdhelejon (2). The local-to-global position feedback

)}

controller 102 translates local displacement error signals
sensed in the local coordinate systems LCS,;,, LCS,, LCS; into a
coordinated global displacement error in the global coordinate
system Gqs. The local-to-global centering coordinated
controller 102 can be implemented either by an analog or
digital system. As shown, G,, mathematically represents a
vector of errors processed by the centering controller 100 to
generate a requested set of forces and moments in ;he'global
coordinate system GCS. Tﬁe scope of the iﬁvention is not
intended to be limited to only five local input signals. For
example, as discussed Sélow, theqlocal position efror signals.
can include an additional signal y,, measured at the guide head

40, without deviating from the scope of the invention.

B. Accelerometer Feedback Controller 200
As shown in Figure 6, the coordinatéd control means 16
also includes an accelerometér feedback controller 200 that
coordinates the control of damping and vibration ;n the
- elevator car.
The accelerometer feedback controller éoo is responsive

to local acceleration signals A,, for providing coordinated



17 responsive to the desired nom nal gap signals [err], for providing the
desired air gap signals [err] which represents the desired air gaps at the
respecti ve gui de heads 10, 20, 30, 40. According to the present invention,
the air gap signals Gn sensed at the guide head 10, 20, 30, 40 in the |ocal
coordinate systens [err]. [err] repred&@nt the actual local air gap signals
sensed by the five |ocal gap sensors discussed above for being conpared to
t he desired _nom_nal gaps [err] augnented by the |earned-rail signals Xr in
cl osed | coglokadi HPnce Prowmementso3cerdpration §P§ﬁ§ﬁ§k[éﬂﬁPa@ﬁagcave
determ ned by subtracting the sensed air gap_signals [err] fromthe desired
| ocal gap ¥HGXR fuf & (FKiar ASushun, Yar SGbl r3Rd (WRETR 75 (ECxedfomsi ve to
the air gap signals[err] and the desired air gap signhals Gd, for providing
position efComrsEGmarsFFeali in the formof |ocal position error signals

Lot Lol e hsone o S e o lohga MR P I 8 10,
2, earned Lallerty Stely LG A ATk 1Tkt kR bulld SATRY 99,990 1o
30, 40 are derived from FC, by the eguation:
{FCp} = [M][T4]{An},

where [M] = diag[Mtx(s), Mty(s), Mrx(s), Mry(s), Mrz(s)] and
where the matrix T4 mathematically represents a transformation
matrix used by a local-to-global accelerometer coordinated
controller 202.

The acceleration signals A, sensed by the accelerometers
70, 72, etc are processed by the accelerometer feedback
controller 200 to mitigate cab and frame Qibrations using
acceleration feedback compensétion. The acceleration signals
A, are local signals converted to coordinates in the five
degrees-of—freedom in the global coordinate system GCS by the
local-to-global accelerometer coordinated controller 202. T4
mathematically repfésents a transformation matrix T4 used by
the local-to-global accelerometer coordinated controller 202.

The local-to-global accelerometer coordinated controller
202 is responsive to the local acceleration signals x,, X,
Yiar Yaur Ya: fOr providing coordinated global acceleration

" signals X,, where X, = [X,, Y,, RX,, RY,, RZ,]. The

transformation functions for determining a matrix T4 in the

local-to-global accelerometer coordinated controller 202 are



signals [err] and the difference is provided to the coordinated control 16
as position error signals [err]. 18 B. Position Feedback Controller 100
In general, the position feedback controller 100 is responsive to |ocal
position error signals [err] for provadi ng coordi nated gl obal force (al ong
an axis) or nonent (about an axis) position feedback signals [err]. The
| ocal position error signals [err] represent the dinension of the air gaps

measured in mllinmeters between the gui de heads 10, 20, 30, 40 and the
gui de rai | YerFhFHd a druntiee &Po%aﬁ transformatdom fyaations f£e¥dback

ignhals [er renaresent the gl qgbal fqrce or nonment feedback_ nmeasured_in
ﬁla\g/]vt ons 'E héét@(ﬁ”ﬁé'%%@et S‘at%ﬁé'xl g'&allnpggﬁ PoRL&ion feeghback controiler

desired co t |._coordinated force or nonment position feedback
signal s [egﬁ%n%% tsch'-’lglf h% %%%géds 10, 20, 30, 40 are obtained by the

equation: [err] goyever, it should be realized that if the location of
the accelerometers is significantly different from the
location of the gap sensors, then the kinematics for
determining the transformation matrix T1 could be different
from the kinematics for determining the transformation matrix
T4. If the accelerometer is in close proximity to the gap
sénsor, then the transformation functions of T1 and T4 can be
assumed to be substantially identical. If the accelerometer
is not in close proximity to the gap sensor, then it should be
-realized that an appropriate transformation function T4 has to

be identified.

C. Position.and Accelerometer Feedback Compensators

To illustrate some features of the proposed elevator AG

system, an analysis of the design of the position and

. acceleration feedback compensators 104, 106, ;.., 112, 204,
206, ..., 212, mathematically represented as C(s) and M(s)
respectively, will be presented. 1In this discussion, a single
‘axis of control will be examined based on the assumption that
the position feedback coordinated controller 102, the

- acceleration feedback coordinated controller 202, and the
force coordinator 300 effectively decouple the system

dynamics. The elevator dynamics are represented as a pure



wher e [err] where [C(s)) = diag [Cx(s), CQy(s), Cx(s), Cry(s),
Crz(s)], where [err] = Jerr] [err] and where the matrix [err]

mat hematically represents a transformation matrix used by a | ocal -to-gl obal
coordi nated position feedback controller 102. The air gap error signals
[err] in the |ocal coordinate systens2jerr] [err] are thus converted to
coordinates in the five degrees-of-freedom GCS coordi nates by the

| ocal -t o-glob dipated, position feedback coptroll
coordi nat U GEbbAI PoLRLF o tBRLbF L&A IR LYEEr bk =cet  Fahenaed

[05) ] wnbBnaoFb9PREuE A= E6RPaRHS B o arepbiLEl cEhionsheorierthont
feedback c géagbgadsx:gaab ckEbind 540048 But IS £0LALEN2hETLGRA£Q) |
roaaes gap

16 inits sense ut| I zes gap signal's fromrtive oca
sensors rreﬁmﬁsérahenaybméaieféitureémslmﬁ ef{$4uéLCiskBciBtE8 RithNene

eﬁultlng

compensation design. Anyone skilled in the art of feedback
compensator design would recognize the impact that elevator
cab and frame structural dynamics, position sensor and
accelerometer dynamic response and noise characteristics,
actuatofz(i.e., force generator) dynamics, and controller
hardware characteristics have on the design of the position
feedbaCk compensators, C(s), and the acceleration feedback

compensators, M(s).

1. Position Feedback Cbmgensatofs

As shown in Figure 7, the position feedback controller
100 such as shown in Figure 6 may.be embodied in a digital
signal processor including a central processing unit 100a
connected by a bus 100b to random access memory (RAM) 100c,
read only memory (ROM) 100d and an input/output 100e. The
corresponding local position error signals X, Xu.s Yiper Yaper
Y3pe are received on input line 100f, proéessed, and the
coordinated global position error signals X#} Y. RX,., RY,,
RZ, are provided on output line 100g. It should be realized
- that the signal processor of Figure 7 is shown fo? teaching
purposes and can also be used to carry out éeveral or all of

the functions shown in Figure 6 so that the identity of the



gui de heads 10, 20, 30. In the enbodi ment shown, gap sensors 66 and 68 in
Figure 4 and 5, respectively, provide neasured gap signals along the x2 and
[err] axes in guide head 20, while simlar gap sensors 66', 68 (not shown)
provide simlar neasured gap signals along the [err] axes in guide head
10, and a simlar gap sensor 68" (nogsshown) provides a simlar neasured
signal along the [err] axis in guide head 30. Anyone skilled in the art of
ki nematic anal ysis coul d derive simlar relationships for %ther sensor

|

fﬁgbgPg;;?ﬁ%ﬁﬁ?j?ﬁ?fﬁ*f@ﬁbFgfgzgﬁs°Bgt&6i&énﬁéaégp Tﬁfdri §+body notion in
from t hes&SSRASHIYERLY g Sﬁeﬁf&ﬂ@ °E?gi rmmr.\}gl LO?r s %_c%%o%%%gsglr%nal >
| connectias ieEh e Fies LR REr BrESr B BeBrai nat o Systemt [err]
In particular;,- the position feedback compensators 104,
106, 108, 110, 112 can be implemented with a microprocessor
architecture as shown in Figure 7. In any event, they are
respectively'responsive to the coordinated global position
error signals X, Y,, RXg, RYN; RZ,, for providing the
coordinaged global force or moment position feedback
compensation signals FCy,, FCy,, FCpyyps FCuyps FCpp- The position
feedback compensators 104, 106, 108, 100, 112, mathematically
labelled étx(s) 104, Cty(s) 106, Crx(s) 108, Cry(s) 110, and
Crz(s) 1lé compensate for each of the five rigid body degrees-
of-freedom. For example, the position feedback compensator -
104 translates a coordinafed global displacement error signal
along the Xc axis into a coordinated global force signal along
the Xc axis, while the position feedback compensator 106
translates a coordinated global displacement error signal
along the Yc axis into a coordinated global force signal along
the Xc axis. Similarly, each of the position feedback
compensators 108, 110, 112 translate a cérresponding
codrdihated global error signal about a respective X, Y, Z
axis into an associated coordinated global moment signal about
the respective axis (i.e., X-Rotation, Y—Rotation.and Z-Rotation).
Figure 8 shows a software block diagram of the position

feedback compensators 104, 106, 108, 110 and 112 implemented



LCS30 and LCS40 to the gl obal coordinate system GCS; [err] is the
side-to-side translation; [err] is the front-to-back translation; and [err]
is the pitch rotation, [err] is a roll rotation, and [err] is a yaw
rotation, discussed above, and [err] ~and [err] are sensed side-to-side
and front-to-back measurements at the 2%&spective gui de heads 10, 20 and 30
respectively. Equation 1 enables the guide head positions to be predicted
as a function of .the position of the center _of the elevator car 12. In

ef fect, Eq@ft PoflRSSdCcHREROr SierRdTdntegradofsriyatiye 4P of |inear
ol ot A e g e
Che i + oot CORSPLIAY -+ Ee mfadegon. o8dRack” Cabighrrotorhy Otnatohe adoRs
tati ' int ' ti f t.h Not h th | f
Thetivo | A0 ARRD A% Sl 0 Bl B Gl LR A Rl himee ot e

simlarly l%@ﬂr@i %8%5f%$E§9&§§E%t596mééngaiﬁbxfiﬁ any ifEegrd fpb&?ﬁgm)”

the art wo apprecl at e. nverting uat 1 on one can

that the rigathPGo% , MO Barther8 n9b3Rah 1690k AR RS a3 ¥FSENETR 63 mBEns
126 and a derivative gain means 128. The position feedback
compensator 104 also includes an adding means 130 and a low-
pass filter means 132. The position feedback compensators
104, 106,s 108, 110 and 112 can be a proportional-integral (PI)
controllers. The scope of the invention is not intended to be
limited to any particular kind of position feedback
compensator.

M&thematically, a vector of forces and moments for
position control is defined as FC, = [chp,'FCYp, FCypr FCuyps
FCyp]’, and a diagonal matrix is defined as Cc(s) = diag
[Ctx(s), Cty(s),.Crx(s), Cry(s), Cyz(s)], such that.the global
position feedback control is determined mathematically by
equation 3, as follows:

{FCp} = [Co(S) I{X;Kpe} vvvervnnnns Eg. (3)
where X; is a column vector of the desired rigid body degrees-
of-freedom, i.e., {¥X;} = [T,]1{G;} where G;is a column vector of
the desired gaps.

Figure 9 shows a simulink block diagram of a_typical

" position feedback compensatér 104 implemented as a

proportional integral controllers (PI) with a dual lag filter,



21 determined fromthe |local gap error signals by Equation 2, as foll ows:
[err] Equation 2 is an inverse of equation 1 and enables one to predict the
Jposition of the center of the elevator car 12 as a function of the |ocal
posi tions of the guide heads 10, 20 and 30. In effect, Equation 2 is also
conpact mat hematical notation for a s2& of |inear equations as follows:
[err] By solving these equations, the coordinated gl obal displacenent

errors [err] in the gl obal coordinate system GCS are determned, i.e
how nuch t mepresentes mathesiadigadlycdy thehdaplageatarnsian ifuncidon @G
center p05|t|on 22

Equation 4, as follows:

K,(t,s+1) +K,

() =t sv1) (t,5+D) (£,5+D)

e ¢ 0 8 5 0 00 Eq-4

where Ks, Kp, tp, t3 and t4 are system constants set to
maximize the feedback bandwidth while ensuring appropriate
stability margins for each axis of AG centering control. The
acceleration, velocity, and position of the stabilized mass
are shown, along with the rail irregularigy input signals.
The forces on the mass are an externally épplied force and
forces resulting from position and accelerometer feedback. In
one embodiment ta = tp = 0.001 seconds, t1 = 0.03 seconds, t2
= 0.01 seconds, t3 = 0.015 seconds and t4 .= 0.006 seconds.
The gap coordinated controller shares sensor information and
generates.forces and moments using all guide heads 10, 20, 30,
40 simultaneously, which minimizes the destabilizing effects
of loop interactions which are present in active magnetic
guidance concepts that use localized single-input, single-
output feedback control.

The numerator and denominator of Equation 4 represents
the variables for the proportional gain 120 and thé integrator
122,. the integral gain 124, and fhe dual low pass filter 132.
The constants of the transfer function of Equation 4 are
system parameters determined through testing and may have to

periodically adjusted over time as the system is used.



In particular, the local-to-global position feedback controller 102 is
responsive to the | ocal position error signals [err] for providing
coordi nated gl obal position error signals [err] according to Equation
(2). The local-to-gl obal position feedback controller 102 translates | ocal
di spl acenent error signals sensed in 2die | ocal coordinate systens [err] O
into a coordi nated gl obal displacenent error in the global coordinate

system GCS. The | ocal -to-gl obal centering_coordinated controller 102 can be
i npl enent ed ei tARrSBEIIN "g?‘i%tlﬁfbs’e‘?l‘éﬂ greedbackieontroklen it inglydes a
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control | erc@Ploffat The position feedback controller 104 also has a dual
lag filter 104c. The scope of the invention is not however
limited to any particular position feedback compensator.

Figqre 9(a) and 9(b) shows a Simulink diagram of'
alternative embodiments. Figure 9(a) shows a PID controller
having differentiator control 104(d)’ and a dual lag filter
104 (e), which is needed because there is no pure
differentiator in system controls, since differentiators
inherently have an infinite response aﬂd a dynamic response
range, which causes undesirable noise in the control system.

The dual lag fil§er 104(e)’ is neede& to eliminate the
undesirable noise from the differentiator ﬁequnse when its
become saturated.

Figqure 9(b) shows a PI position feedback controller 1047/’
and having its outputs érovided to a summing junction 199. A

dual lag filter 201 is also shown.



coordi nates the control of danmping and vibration in the elevator car. The
accel eroneter feedback controller 200 is responsive to | ocal acceleration
signals [err] for providing coordinated 23 gl obal force or nonent

accel eration feedback signals [err] where [err] and where [err] [err] The
desi red conponents of gl obal coordlnaggd force or nonment accel eration

f eedback signal at the guide heads 10, 20, 30, 40 are derived from FCA by
the equation: [err] mhere X s) My(s),

Mz(s)] and mhere th BEFF £a transformation

The accel orat| A8 ﬁgfli"féﬁ?%@ G5 TR E B ShaPeipbhtbbiles”]

nmeters etc are

processed 982tanaﬁgeHﬁﬁ?gﬁ&ﬁEeéeSQQﬁgk by an analog or digital system.

If implemented digitally, the same processor of Figure 7 can

L
r
o]

be used to carry out its functions as well or, if separate,
its architecture would be similar to the digital signal.
processor shown in Figure 7, including a central processing
unit 100a connected by the bus 100b to the RAM 100c, the ROM
1004 and the input/output 100e. '

The accelerometer feedback controller 200 also includes
accelerometer feedback compensators 204, 206, 208, 210, 212,
responsive to the global coordinated acceleration signals X,
Y,, RX,, RY,, RZ,, for providing the coordinated global force or
moment acceleration feedback cgmpensation‘signals FCy,, FCy,/
FCyur FCumpar FCpa- The accelerometer feedback compensators 204,
206,'208, 210, 212, labelled mathematically 5y a matrix [M(s)]
= diag[Mtx(s), Mty(s), Mrx(s), Mry(s), Mrz(s)], which control
and compensate for each of the five rigid body degrees-of-
fréedom.

Figure 9 shows a typical accelerometer feedback

compensators 204, represented mathematiéally by the Equation:

Ka
(E1*s+1) (£2*s+1) (ta*s+1l) '

M(s) =

- where Ka is the overall feedback gain and t1, t2, and ta are
three first order time lags which are adjusﬁed to provide a

balance between stability robustness and performance. In one



controller 200 to mtigate cab and franme vibrations using accel eration

f eedback conpensation. The acceleration signals [err] are |local signals
converted to coordinates -in the five degrees-of-freedomin the gl obal
coordi nate system GCS by the | ocal -to-gl obal accel eroneter coordi nated
controller 202. T4 mathematically rep¥lesents a transformation matrix T4
used by the | ocal -to-gl obal accel eroneter coordinated controller 202. The

the | ocal “SRBRRAREREencL BRALE B8, PE[eFPRRa 10r SBROVAR K LOBLRI RAPed

Puncti ons P6FCHEPoPf AR SrREFRE "$5LFK TRECPREAFOLE EPERAFeBEEBRcr omoter |
[ ans or matTeRoFBeroRetran Airh & AIREYrRESRETRI AR Fialablr pog

f eedback Ceﬂtﬁokheﬁlﬁﬂg RavbaWahe8PQ¥EunEONCYBE tbt 0SH2USEcBRakeahiéRd

that if the location .
add roll-off in the vibration feedback loop to enhance system

stability robustness.

Using this equation, for example, the accelerometer
feedback compensator 204 translates thé coordinated global
acceleration signals X, along the Xc axis into the coordinated
global force or moment acceleration feedﬁack compensation
signals FC,,, along the Xc axis, while the accelerometer
feedback compensator 206 translates the coordinated global
acceleration signals ¥, along the:Yc axis into the coordinated
global force or moment acceleration feedback compensation
signals FCy, along the Xc axis. Similarly, each of the
accelerometer feedback compensators 208, 210, 212 translate
the coordinated global acceleration signals RX,, RY,, RZ, about
a respective X, Y; Z axis into the coorainated global force or
moment acceleration feedback compensatioﬁ_ signals FCy,, FCuyy,,
FCy, about the respective axis (i.e. X-Rotation, Y-Rotation
and Z-Rotation). Based on the teachings-hereof, any person
skilled in the art would appreciate how to implement a ﬁypical-

accelerometer feedback compensator 204, 206, 208, 210, 212.



the acceleroneters is significantly different fromthe |ocation of the gap
sensors, then the kinematics for determning the transformation matrix T1
could be different fromthe kinematics for determ ning the transfornmation
matrix T4. If the acceleroneter is in close proximty to the gap sensor,
then the transformation functions of 32 and T4 can be assunmed to be
substantially identical. If the acceleroneter is not in close proximty to
the gap sensor, then it should be realized that an appropriate
transformation funct3enSinghasAxbshanadysisf pdCocrdbnated ofonkyoller

Accel er omet er Feedback EEQ9Qnéggglszgmgtszuﬁséﬂhé_kone features of the

proposed el evator AG system an analg of the_design_of  the 03|t|on and
accel eration feEHba§k1E5ﬁ55ﬂ§5t595n9 g that while ¥he dggagnzg classigqp
nathenatlcall _Eresented as C(s

presented.m?ﬁ heaELRLFoHSe, °é}XgP8Ngiﬁgke%g gﬁFFg &PFId8§13§aﬁ?n%d

based o0 L U2 oRAEHIPLAOobiahy 11 BER! bkoR, LR KpReRLELoR b ik oLl

ggg;g‘n' 02t el grr hEEE Y ShicdECHUR Gl 2 2UBREN, WATBh dan TUfnghEY™ OF
performance and reduce cost. This is because a conventional
magnetic bearing requires much more stiffness because they are
not supposed to move, and have a frequency bandwidth in the
range of ‘about 300 Hertz. In the elevator application, the
stiffness of the magnetic bearing is significantly less, and
typically have a frequency bandwidth of a few Hertz. 1In
addition, in a conventional magnetic bearing cannot use
accelerometer feedback because of a coordinate transformation
is necessary. |

Since the coordinated control of the axis effectively

decouples them the PID controller for each axis can‘be
independentiy designed. Note, however, that this discussion
does not explicitly consider structural resonances. Such
resonances will always be pfesent and will limit speed of
respdnse. If response speed is made a secondaty
consideration, a stable loop closure is always.possible.The
appendix shows a listing written in Matléb programming code
for one of the five degrees of freedom, and the diécussion
below is an analysis of computer simulated test results for

the one axis.



25 inertiain this sinplified analysis which is not intended to be a
ri gorous assessnent of the stability and performance of the proposed
f eedback conpensators but is rather included to illustrate typical features
and issues associated with the conpensation design. Anyone skilled in the
art of feedback conpensator design wogBd recogni ze the inpact that el evator
cab and frane structural dynam cs, position sensor and accel eroneter
dynam ¢ response and noi se characteristics, actuator (i.e., force
generator) dynan¥® sthﬁn@eﬁbﬁﬂlo?léVaFl‘a?dﬁHﬁﬁe@hli?héf—é?@%l’| Righagkabict he
design of the ﬂgSlthﬂ f eedback conEensators and _the_accel eration
feedback coPPERRGHREeS\fR)the beak PgﬁnmﬁﬁﬁdBﬁcﬁcébﬁﬁéﬂsatSP% DECEFBMY i n
Figure 7, the positiopn feedback ntro | er 100 sch as_sho
e be enboBiBIVER EREPG E5 SRGEAP BROBEoChr SPRCH(ERREon Lon Fapne/back
g’gggess' "9 (¥Pbf BR2R:590N85E 0B NPl EotO0he! 81489281 ATSFSS BEAR NG AV
Bearings intended for elevators need not be pure magnetic
bearings. Levitation is not needed at all times. While
running there must be full levitation. However, while
passengers board or exit the car, the magnetic bearings may be
.permitted:to bottom against suitably designed stops.
As shown in the appendix, the bearing computer model is
simply a second order system having no mechanical damping.
The "“plant" transfer function is
G = 1/(m * s2.)
The "controller" transfer function is
= (s?** ka/(ta * s+1)) + ks + (kp/(tp * s + 1))
If accelerometer feedback is used, the controller to be
implemented for position feedback is
H mod = ks + kp/(tp*s+l).
An alternate controller also considered is:
H filt = H/((tl * s + 1) * (t2 * s + 1))
H is realizable when accelerometer feedback is used
together with H mod. If no accelerometer is used, H_filt
would have to be used.
A step response of the system can be examined in the

following example. For instance, the mass is taken as one

tonne (1000 kg). Length units are mm when mass is in tonnes.



read only mermory (ROM 100d and an input/output 100e. The correspondi ng

| ocal position error signals [err] [err] are reg e 100f,
processed, and the coordi nated gl obal position e rWMS$H§ﬁEH§45ﬁ5N [err]
are provided on output line 100g. It should be rgal i zdtERUARE illgna
processor of Figure 7 is shown for tedthing pur pgSes and can al so be used
to carry out several or all of the functions shown in Figure 6 so that the

identity of t he u output Si nals on_the lines 100f and 100g,
respecti velRPESH ¥ m%@p@ﬁ?? "P‘r%’ &&mt%’e&%m *t he

compensat ol 1 GFer o8 o, * 1'58*"% §§'n€%s Ay S%E'e i Sﬁgi fon
mcr opr OCG%%%I’ b%rc%'flﬁq%lfr %tafa]sS a.S \I‘M% o a&lg%rlgbal | n %% ev t he ﬁ%l’ e

respectively responsive e "co0 position

][ gre(r:l]back e MR AU FiNAG 1Y akaly TASHeUer O n%te %%lttll%pl

of the variables kp + ks determines the static stiffness of
the bearing in N/mm. The variable kp is much greater than the
variable ks. Thus the variable kp, for the most part,
determines static stiffness. Damping is obtained by feeding
back acceleration through a very low pass filter. A gain ka =
100 (N/(mm/s?)) and a time constant of ta=10s were used for the
acceleration filter.

The analysis of such a system is shown in Figure 12 in a
position versus time graph when a 100 N step is_applied. This
provides an opportunity to examiné system-response under
highly exaggerated condition, although this could occur at .
start up. In an elevator application the force usually ramps
up to 100 N in 2 to 5 seconds. The curves in Figure 13 shou'
that with the variable kp in the range 500-2000, the dynamic
performance would be acceptable.

Closed-loop plbts are presented to show bearing stiffness
as a function of frequency, and open-loép plots are shown to
permit assessment of sensitivity to structural resonances in
Figures 13(a), (b) and Figures 14 (a), (b). In Eigures 14 (a)
and (b), the frequency plots relate to controller response.

In particular, Figures 13(a) and (b) show a Bode plot of

the transfer function GH and the inverse closed-loop (CL)

i
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conpensation signals [err] . The position feedback conpensators 104,
106, 108, 100, 112, mathematically |abelled C (s 04— 06, Crx(s)
108, Cry(s) 110, and Crz(s) 112 conpensate for o i gi
degrees- of-freedom For exanple, the positide=feellTatRCEONPeNsHt or - 104
transl ates a coordi nated gl obal displé%enent error !

into a coordi nated gl obal force signal along the Xc axis, while the
position feedback conpensator 106 transl ates,a coordinate

i i s TR S i e 1o
comens cFAesehToed hesin Selp e b Sol A drona
gl obal irrgg@r{f";“si 9#&9 é‘_r%%%%é KE 50800, N/ ghp ofRet PRz [%or’i% 4

¥ Fot ot on sl ol il GG Aya TGt RLCABER Hogs clhasam o (e

crossover (gain = 0dB) frequency is 1.6 Hz. This frequency is

controlled primarily by the variable ks. The phase margin is
more than. 70 degrees. Examination of the closed-loop response
shows a gain of 48 Db at .01 Hz. The static gain for this
system ig 54.6 Db (20*1og(500+39.4)). The bearing stiffness
may be considered adequate for AMG applications.

Figures 14(a) and (b) show a Bode plot of the transfer
function GH and the inverse closed-loop respénse from force
input to position output, and shows what happens ‘when the -
variable kp is increased from 500 to ZOOO-N/mm. The static
gain at .01 Hz goes to 60 Db, up 12 Db over Figure 14. The
open-loop (OL) curve shows a crossover at 1.6 Hz, as in Figure
14. However, neither the susceptance to structural resonances
nor the phase margin are increased by increasing kp.

Figures 15(a) and (b) shows the frequency response for
the controller. As shoﬁn, the controllér H cannot be
implemented, since its gain continues to rise as fregquency
increases. The controller Hmod is needed when acceleration
feedback is used in the controller.

The H controller can be cqmbined with at leaét a dual lag
filter. Figure 16(a), (b) shows a Bode plot of gain versus

frequency and phase versus frequency and an H-filt with a dual
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as a classic proportional-integral-derivative (PID) controller. The
position feedback conpensators 104, 106, 108, 110 and 112 include a
proportional gains nmeans 120, in parallel with an integrator nmeans 122 and
an integral gain nmeans 124, and further in parallel with a differentiator
means 126 and a derivative gain neans$6128. The position feedback
conpensator 104 al so includes an adding neans 130 and a | ow pass filter
means 132. The position feedback conpensators, 104 106, 108, 11 1

can be a prifhritbiey . #She ¢PsT r serived 'Ift?é”%&r?é‘%fa cﬁ'éaaf(rjll(%tlon
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foll ows: wher e IS a colum vector of

the desi redwéé %%P?ﬂé!ddﬁﬁréfémlﬂitiéﬁe&@”& p1ét s 1dr b eFfdumbers. Cd is

a col um vector
Stability is not compromised, but ability to reject high-

frequency fesonances is increased.

The system of Figure 9(a) is now examined. It is a
second—ogder system whose natural frequency is fo (wo“~2=ks/m;
wo=2%7*fo). The damping ratio of the system is defined by { =
(kd+ka/ta) / (4*m*fo*m). The natural frequency fo is 1.0Hz.

For kd=0 and ka/ta=10, {=0.8. System damping, in theory, may
be obtained using either the variables kd or ka. However, use
of the variable kd in practice is preferréd for two reasons.
First, as discussed, the damping signal will have less noise.
Second, the damp;ng signal is referenced to inertial space.
Use of a damper referenced to inertial space inherently
provides vibration damping. The greater the variable ka, the
greater will be the damping of vibrations. When the damping
signal is derived from relative position, as derived using a
position sensor, the vibrations are reduced until the damping
ratio goes to approximately 0.3. Beyond that, increase in
damping ratio does damp the system but it also couples rail

- waviness into the elevator. -The vibrations cominé from rail
waviness will increase as damping derived uéing position

feedback is increased above {=0.3.
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the desired gaps. Figure 9 shows a simulink block diagramof a typica
position feedback conpensator 104 inplenented as a proportional integral
controllers (PI) with a dual lag filter, 28 represented mat hematically
by the Lapl ace transfer function of E uati on 4, as follows: [err] where Ks,
Kp, tp, t3 and t4 are system constant37 set to nmaxim ze the feedback
bandwi dt h whil e ensuring appropriate stability margins for each axis of AG

centering control. The gcceleration, velocity, and QQSI n of .th
stabilized nassAaﬁ@”?ﬁﬁ%ﬁ°naP@n@eﬁﬁpﬁmﬁﬁgeﬁapﬁ FPPé %F%y eislieﬁ'nals

from §L§?f p%%n%ﬂ%c?é@%r%ﬁtﬁeﬁ‘é%eﬂ%é&%aeﬁ '?r'°'5 %ﬁ@ﬁﬂ%&%ﬁ“eg rec;”if 003
1 0. 03 5 =
0. 006 SecoMFArSrAE I AR TSEARaChn IFOLCaE e S TRBES Mor mat i on and

accelerometer feedback enhances the performance of the system.

The enhanced performance results,becausé no differentiating is
required in the controller, which is in éffect a PI
controller. Further, an elevator system using accelerometer
feedback provides some important advantages. The
accelerometer feedback provides damping referenced to inertial
space. This is very beneficial in suppression of vibrations.
The design of such a controller must also take into account
' the effects from coupling effects between principal axes of
mechanical system, the effect from nonlinearity in the system
such as operation on/off stops and saturation of transducers,
and the effects from parameter variation caused by heating,
etc. Finally, the use of accelerometer feedback in an
elevator magnetic bearing having position feedback provides
vibration control and damping control. The accelerometer
feedback is passed through an integrator or low-pass filter to
provide inertially.refefenced damping. This type of damping
is much more effective than viscous (mechanically derived)
damping. In a preferred embodiment, there can be feedback of
both integrated accelerometer output and the derivative of
position to obtain maximum damping. The feedback of both

integrated and proportional accelerometer information. This



generates forces and nonents using all guide heads 10, 20, 30, 40

si mul taneously, which mnimzes the destabilizing effects of | oop

i nteractions which are present in active magnetic gui dance concepts that
use |l ocalized single-input, single- output feedback control. The nunerator
and denoni nator of Equation 4 represedts the variables for the proportional
gain 120 and the integrator 122, the integral gain 124, and the dual | ow
pass filter 132. The constants of the transfer function of Equation 4 are

syst em par #rAVEdes) dnarhidd i refanences dapring PdRshARES AYsmeidtden v
sed.

%
adj usted ovyer ti as the systemis._u 29 As shown, the position
f eedback cé’ﬁ’t ret}lqr%r% W%?e&dﬁaﬁg‘ortional controls 104a and 104b. The

position feedback constant ks controls the spring rate at higher
frequencies, the constant kp controls static spring rate, and the tine

(F:)gglst ?(r)\; ]Egegggg(olgo {chee i@%@”q s ﬂ}ge;easéﬁgi c feedback is cut off. The

The coordinated control means 16 includes a force
coordinator 300 which coordinates the global-to-local force
and moment control.

Mathematically, the desired forces and moments at the
guide heads 10, 20, 30, 40 are derived from FC,, by the
following equation 5:

{CCu} = [T3){FCp} +vvveeve.. Eq. (5)

where CC, = [CC,, Céﬂ, CC,;, CCp,, CCzl’, and where FCp, = [FCy, +
FCx, s FCy, + FCy,, FCyy + FCy,, FCy, + FCps FCyy + FCy), and

where T; is a transformation matrix defined by equation 6, as

follows:

b -1

a+b 0 o ~a+b 0
a 1

0
a+b 0 0 a+b
- _b_ S
T3 =] O 245" P 0] ..o Eq. (6)

c ae-be -1 0 1
d+e (a+b) (d+e) a+b d+e
-C d -1

| d+e d+e 0 0 d+e]

The requests from each position feedback compensators
104, 106, 108, 110, 112 and a respective accelerometer

feedback compensators 204-212 are summed appropriately (i.e.,



lag filter 104c. The scope of the invention is not however [imted to any
particul ar position feedback conpensator. Figure 9(a) and 9(b) shows a
Si mul i nk di agram of alternative enbodi nents. Figure 9(a) shows a PID
controller having differentiator control 104(d)' and a dual lag filter
104(e), which is needed because there3?s no pure differentiator in system
controls, since differentiators inherently have an infinite response and a
dynam c response range, which causes undesirabl e noise in the control
system ThErﬂﬂﬁlaFﬁgxflFFEP519E€§¥1 retaten¥d retaFemynatBd: Ketakgss)rabl e
noi se fron1t e _di.fferen espons rated, . Fi gure
o(by  shows2BAPFBoLREPofnRe LREREK COOTRLDRFEF 189" VANGENRC TGP thAt puts
provi ded t sumi Q 9% A dual |a %I|t 2
30 2._Acce?gFSﬁe?gpggggdgﬁébsgﬁ ﬁ%SPOFSa?ﬁegF éalséo %hgéﬁﬁgégéﬁ r onet er
COOFdInategeBQQEEB£E65 transformation matrix used by the transformation
means 314 of the force coordinator 300 to convert the global
force and moment compensation signals in the global coordinate
system GCS into coordinated control signals which control the
forces and moments applied in the local coordinate systems
LCSm, LCS20, LCSwo
In particular{ the force coordinator 300 is responsive
the coordinated global force or moment position feedback
compensation signals FCy,, FCy,, FCy,s FCyps FCup, and further
responsive to the coordinated global force or moment
acceleration feedback compensation signalé FCxar FCyar FCyaur
FCyyar FCyms fOr providing the local force coordinated control
signals CCq, CCq, CC,, CC,, CC;. In effect, the force
coordinator 300 translates corresponding coordinated global
force or moment position feedback compensation signals FCyps
FCyyr FCpypr FCyypr FCyyp and coordinated global force or moment
acceleration feedback compensation signals FCy,, FCy,, FCuyu,
FCyypar FCya, into corresponding local force coordinated control
signals C€C,, CC,, CC,, CC,, CC,; which are respectively
provided to the analog magnet drivers 140, 142, 144, 146, 148.
The force coordinator 300 includes summing circuits 302,

304, 306, 308, 310, respectively responsive to the coordinated

global force or moment position feedback compensation signals



202 can be inplenented either by an analog or digital system |If

I npl emented digitally, the same processor of Figure 7 can be used to carry
out its functions as well or, if separate, its architecture would be
simlar to the digital signal processor shown in Figure 7, including a
central processing unit 100a connectedy the bus 100b to the RAM 100c, the
ROM 100d and the I nput/out put 100e. The accel eroneter feedback controller
200 al so |£K§ ?b' %glerogeter f eedback_conpensators 204, 206, 208, 210,
212, respohsieve é:Mng'o SM»COE?M%&%@I EREENRY Fespestivaly [err] [err]

for providin the [ofo]0) at ed pal tgrce or nDnent accel eration feedback
conpensat|5 ?ﬁ%ﬁY% % {# X 43nate %R 2F PReBhck

(Mo = deeries ?ﬁ?ﬁff* mfg?d?fé’&&%%r%én Wi esdw”ri‘%ﬁ 'Ca%hic?ﬁpﬁg?”‘érnhx

corrpensat or

shows a typé‘@'a'l eIZ&d’E’eI eromet Mngd%agfuggﬁgﬁggs §§s ’2(%) 'r g’g’%eseaﬁ'ltoggre 9
”chenat'Qﬂééé%é&i&@ﬁéﬁﬂﬂééi&gh 4&Hﬂédviﬁ%faf§hééat$fbg bicd egdback gain

and t1l dta ar
moment position and acceleration feedback compensation signals

FCrur FCyps FCygur FCyyps FCygae

The force and moment control transformation means 314 is

responsive to the summed coordinated global force or moment
position and feedback compénsation signal_FCm”, FCypsr FCrupar
FCuypar FCumapas fOr providing the global-to-local force and moment
coordinated control signals cC,, CC,, CC,, CCyp,, CCy.

" The force and moment control transportation means 314 can
be implemented with either an analog or digital circuit. Its
function can be carried out by the same signal processor as
used for the centering controller 100 as shown in Figure 7 or
may be carried oﬁt in a separate signal processor similar to
that shown in Figure 7 having a central processing unit 100a
connected by a bus 100b to a RAM 100c, a ROM 1004 and an

input/output 100e.

IV. THE LOCAL FORCE GENERATING MEANS 18

As shown in Figure 6, the AMG system includes analog
magnet drivers 140, 142, 144, 146 and 148 ‘at the local level
of control which modulate current to the coils of the

electromagnets to create bi-directional force generators from



three first order tinme |ags which are adjusted to provide a bal ance between
stability robustness and perfornmance. In one 31 enbodinent, t1 would be
set around 10 seconds to |imt the effects of acceleroneter drift
(effectively representing integrating action with a first-order high pass
filter), and t2 & ta m ght have val uesgjaround 0. 005 to 0.04 seconds which
add roll-off in the vibration feedback | oop to enhance systemstability
robustness. Using this equation, for exanple, the accel eroneter feedback
conpensato¢h30$1mr@&ﬁqgnQ@aEWGtCGGﬂGSHat6@ ghoudfl becrkaliziedntbagnatber
[err] along the Xc axis into the coordinated gl obal force or nonent
accelerati%ﬂpﬁ§e S i¥exse B3t benusegnips peth| edpshyompanet axds other e
t he accel eronet er feedback conpensat or 206 transl ates the coordi nated

gl obal acc&¥®est of nq§§5%QQ§5Y RgYt ke v&edxis into the coor di nat ed

gl obal force or nment__agce ratlo f eedbac onppensa i.gnal.s [er
al ong the Xc athDggqﬁr } 8? Fﬁgneg §2T0R714) 14977034, °00k,

148 are responsive to the local force coordinated control
signals CC,, CCuh, CC,, CC,, CC,, for providing the associated

local coordinated magnetic forces F,, F,,, F

vir Fyas Fys to at

least three of the guide heads 10, 20, 30. The analog magnet
drivers 140, 142, 144, 146 and 148 may be as shown in U.S.
Patent No. 5,294,757 at Figure 20.

In particular, at guide head 20 the driver 140 which
modulates currents to electromagnets 22, 24, 26 using diode
switéhing logic to pFfoduce this controlled force in the y, axis
uses an analog PID control to regulate the error between a
force request via line 28 and the difference of the square of
flux sensor signals 14 and 15. Both the diode switching logic
and PID control are known in the art-are described in the
aforementioned U.S. Patent No. 5,294,757.

Alternate forms of the centering controller 100,
vibration controller 200, and force coordinator 300 could be
readily developed for alternative elevater AG system sensor
and/or actuator configﬁrations. What has been presented is an
elevator AG system which controls the five elevatpr rigid body

" motions with a minimum set of sensing and -actuation. However,
other embodiments are possible which uee reéundant sensing

and/or actuation.



accel eroneter feedback conpensators 208, 210, 212 translate the coordi nated
gl obal accel eration signals [err] about a respective X, Y, Z axis into
"the coordinated gl obal force or nonment accel eration feedback conpensati on
signals [err] [err] about the respective axis (i.e. X-Rotation, Y-Rotation
and Z-Rotation). Based on the teachings hereof, any person skilled in the
art woul d appreciate how to inplenentga typical accel eroneter feedback
“conpensat or 204, 206, 208, 210, 212. 32 3. Single Axis Anal ysis of

Coordi nated Controller Using Accel eronmeter Feedback It is inportant to note

that while the design of classic magnetic bearings use only position
f eedback, WheQ¥§ﬁﬁ§%(ﬂLE¥(§§¥Lmﬁ¥ &% ontrol l er for an el evator

ehhance. pert or e SSRF e (D B0 S LTS & SEAEIR G i odt o Arigvated
o move, afieh bk AL ARET BRRIGEat e ERSY. Tt £/ ot praRnsed
and may introduce error into the AMG system.

To overcome this, as shown in Figure 6 the present
invention includes a dynamic frame flex estimator 165 which
cooperates witﬁ a frame flex feedback controller 170. The
dynamic grame flex estimator 165 translates the locally
measured gaps G, into a nominal rigid body predictéd position,
Y, 0. A summer 164 adds the nominal rigid body predicted
position Y,0 and a static deformation signal y, bias 162 at the
Ya axis,"éhd provides a desired local gap signal yyu Which is
added at summer 168 to the measured error-signal me resulting
in a dynamic deflection signal dy,. The dynamic deflection
signal dy, is provided to the frameflex feedback controller
170. |

As shown in Figure 6, the remaining £/b control axis, yi,
is used to control the amount of dynamié f/b flexing in the
elevator frame 14. A value for the f£/b gap in the y, axis is
generated from the G, vector of measured gaps based on the
assumption of rigid body (non-flexing) motion. Mathématicaily,
the nominal rigid body predicted position, Y,0, is determined
by equation 7, as follows: ;

Yo =1[01a0 -e] [P] {6u} .-.... Eq. (7)

Multiplying out these matrices, one gets in equation 8:



range of about 300 Hertz. In the elevator application, the stiffness of the
magnetic bearing is significantly less, and typically have a frequency
bandwi dth of a few Hertz. In addition, in a conventional nagnetic bearing
cannot use accel eroneter feedback because of a.coordinate transfornation is
necessary. Since the coordinated contTbl of the axis effectively decouples
themthe PID controller for each axis can be independently designed. Note,
however, that..this discussion does not explicitly consider structural
resonances. Such resonanc¥® Vi |1}l $8yk be- present - and- wi t | ¥9ni €8kpeed of
response. |If response speed is nade a secondary consideration, a stable

| oop cl osuwbere al ways possi bl e. Tre=apBefditx~¢hdds a listing witten in

Mat | ab progranm ng code for one of the five _degrees,of fregedo and the
di scussi on beIoﬁfm§a§Hr&ﬁ§P§sP§'EF?CEFﬁEFQrd§¢gﬁP§§é8ntﬁétggggiht%?*%m’yﬁhe

one axis. biag? is estimated from the local gap measurement signals y,,
Y., ¥; and y, from the front-to-back f/b gap sensors. The
measurement of the stétic deformation at the y, axis, y, bias,
is estimated from initial readings (Y;i, Y,i, Y,i and ¥,i) from
the front-to-back f/b sensors, by equation 9, as follows:

; ¥y bias = Yoi + ¥i - Yi - Y1 ....eeen Eq. (9)

Thus, the amount of dynamic deflection in the front-to-
back axis f/b at guide head 26 is defined by equation 10, as
follows:

Dy, = Y0 = Y, bias - ¥, ceesesesnenes Eq. (10)

A feedback controller 170 (C,(s)), similar in form to the
feedback compensators 140, 142, 144, 146 and 148 with ki =0,
could then be implemented to control the amount of elevator
dynamic frame flex.

The desired setpoints for the AMG centering control
system are set during initial system setup. The éomponents of
G; will be set to equalize the front and_back gaps on all
front-to-back f/b axes and to equalize the left and right side

gaps on all s/s axes.

. VI. ALTERNATIVE EMBODIMENT
The scope of the invention is not intended to be limited

to generating five local force coordinated control signals



In the desired elevator systemrelatively high static spring rates in the
beari ngs nmust be achi eved. The necessary mninumrates are on the order of
300 Nmm for the front/back (f/b) bearings and 400 NNmm for the side/side
(s/s) bearings. Bearings intended for elevators need not be pure magnetic
bearings. Levitation is not needed atgqal |l tinmes. Wiile running there nust
be full levitation. However, while passengers board or exit the car, the
magneti c bearings may be permtted to bottom agai nst suitably designed
stops. As €BWNCEa, t €, apPeadi &Gyt heFdne cexampeppther locak| foxcei nply a
second order system having no nmechani cal danping. The "plant" transfer
function iso@éinated*centrpl Thignabstcan| bncludenafsixthneentrol ssignal
[err] If acceleroneter feedback is used, the controller to be inplenented
for positi©fufgenprrkedsIior nblle -gnide headt 48 s+1Thianappreachtvtibhzes| | er
also considered is: Hfilt = H((tl * s +1) * (t2 * s + 1)) His

real i zabl e2hheflicEareeodeneratiebatacrsonagpget pairs and gap sensors

to control the five rigid body degrees-of-freedom. That is,
the rigid body motions in local coordinate system LCS; can be
determined from the rigid body motions in the global

coordinate system GCS as:

X1] [1 0 0 -a 2]y
X2l 110 0 b -cf|yc
y1{ 01 a o d B,
Y2 °1'b°de
v3] |o1-b o -e||”
Y4] |01 a 0 -e -e%

which can be written in compact matrix notation by equation 11
as follows:
Gp = AX, <ecsecscsncsess Egq. (11)

One can then determine an estimate of the global
coordinate system GCS degrees of freedom using the full set of
local coordinate system LCS gap sensor readings by using a
left-inverse of the matrix A. That is, a matrix B defined by
equation 12 such that:

BA =I5 eocen. ceesssesss Eg. (12)

One such left-inverse can be found to minimize the error

in estimate of the global coordinate system GCS dégrees of

freedom in the form of equation 13:



together with Hnod. If no acceleroneter is used, Hfilt would have to be
used. A step response of the systemcan be examned in the follow ng '
exanple. For instance, the mass is taken as one tonne (1000 kg). Length
units are mmwhen mass is in tonnes. 34 Repl acenent Sheet 1/1
1/95 Force units are Newtons. The vagkable ks is conputed as m* [err]
where [err] =2 * [err] * fo for the exanple. The position feedback filter
has a time constraint tp = 30s.- The gain of the position feedback filter
kp is a parameter. The additi oB Bf (ARd'&ari-ables «p «+ BIdetd@)ni nes the
static stiffness_of the bearin9 in Nmm The variable kp is nuch greater
than the Vi8¢ BLEPREt FEEAnE he"hinean| Algpbra oAnd hEtsoAPPhhFatieme®y ni nes
static stiffness, Q? ing_is obtained by feeding back accel eration through
a very Iow?%%éém¥?l PSS ARG n %372 18- (Wer? err])) and a time constant
g;stgmlio: bty yﬁ%ﬁd@g%rgsgﬁffgg;%g;: Ofh{L!L8Lan 40 8NAYSES1 Phuilgh 2

b a c c -C -C
a+b -a+b 2(d+e) 2(d+e) 2(d+e) 2(d+e)
0 0 o, o, «, o,
0 0 1 -1 -1 1
T1 = 2(a+tb) 2(a+b) 2(a+b) 2(a+b)
-1 1
_a+b —a+b 0 0 0
0 0 1 i -1 -1
2(d+e) 2(d+e) 2(d+e) 2(d+e)]

where

- (ad-bd-ae-3be)

% T T 4(@hy (dre) |
®, = ad-bd+3ae+be
2 4(a+b) (dte)
oK., = 3 ad'l'bd-{-ae_bé.g';arqq_
3 4 (a+b) (d+e)
«. = 2d+3bd-aetbe
4

4 (a+b) (d+e)

It can be easily shown, in a similar fashion, that the
desired forces at the six guide heads can be related to Fc by
equation 14, as follows:

CCy = [T3]{FC}, cevv.. Eq. (14)



position versus tine graph when a 100 N step is applied. This provides an
opportunity to exam ne system response under highly exaggerated condition,
al though this could occur at start up. In an elevator application the force
usually ranmps up to 100 Nin 2 to 5 seconds. The curves in Figure 10 show
that with the variable kp in the rangg 500-2000, the dynam c performance
woul d be acceptable. Closed-loop plots are presented to show beari ng
stiffness as a function of frequency, and open-loop plots are shown to
pernit asswberenT3oissantrangfeymablgnrdefinad R83onances in Figures 11
(a), (b) and Figures 12 (a), (b). In particular, Figures 11(a) and (b)
show a Bode plot of the transfer fugfgron GH and the inverse closed-1oop
(CL) 35 Repl acenent Sheett(l/ 1 1/8Q55response from force input

to position output. The inverse cl d§€€4d;|l oop r donse is the spring rate of
the bearing in Nmm The constants {4 500 NA#h and ot her paraneters are
the sanme as used previously. The openyfongg control
CC,, My
CC,s Mz]
| CCya)
and
(Xc] . X1
0| - 7 Y1
0. Ty
Y Y3
-et Y4

Matrix Tl is a transposition of matrix T3 and vice versa.

Thus, one could expand the elevator AG system to include
redundant sensing (e.g., including yp4e position and/or y4a
sensors and adding another column to the T1 and/or T4 matrices
respectivelf) and/or redundant actuation (e.g., including Ccy4
actuation by adding another row to the T3 matrix).

 As shown in Figure 6, the force coordinator 314 provides

the additional local.force coordinated control signals CC,.
A summer 312 adds these signals to compensation signals C,(s)
from the feedback compensator 170, for providing a biased
local force coordinated control signals CC,’, which drives the

analog magnetic driver 150. In a system that did not include



crossover (gain = 0dB) frequency is 1.6 Hz. This frequency is controlled
primarily by the variable ks. The phase margin is nore than 70 degrees.
Exam nati on of the cl osed-loop response shows a gain of 48 Db at .01 Hz.
The static gain for this systemis 54.6 Db (20*| og(500+39.4)). The bearing
stiffness may be considered adequate 4pr AMG applications. Figures 11(a)
and (b) show a Bode plot of the transfer function GH and the inverse

cl osed-1 oop response from force ingut to_ggsition out put, and shows what
happens whend¥YRemigr f48KeCRPEFOLy nERRa3CdiFieRRE0BOFBL2E00CR) ARPrdhBatedti c

gain at .01 Hz es,to 60 , u over Figure_ 11, The_opgn-|00 QL

curve shomgogtﬁggs§698P?§tEE#GCBEiéaggﬁﬁ PFgEPgP§§d.&FBﬁESQYPgﬂe#PﬁEr(thé
suscept ance_t structuEaI r.esonan nor the phase nmargin are increased by
i ncr easi ng®RBLOFi BRPBETLS I 1YRE %gé'shoms the frequency response for the

Il er. As | H Mygo]! ' |
§§£E;§oaﬁf nues ?%%‘gskggfﬁfgéégﬁc§‘=Pﬁc§§§f§’§§?‘g$ﬁ'8”§8§?f§?|e§¥8f:ﬁ§§3?¥t )
e cgle o] c seds e e
Control | or S128°Be°hakhotn BEARRC4ckTvUoGH  hined®pPRRERR LhEn fBlellyator
(b) shows a,BedfsPhalifh 8Rl Ac¥®¢&URoller Guide as described in U.S.

Patent No. 5,294,757 to potentially increase effectiveness of
the vibration suppression.

It will thus be seen that the objects set forth above,
and those made apparent from the preceding descriptions, are
efficiently attained and, since certain changes may be made in
the above construction without depérting from the scope of the
invention, it is intended that all matter contained in the
above description or shown in the accompaﬁying drawings shall
be interpreted as illustrative and not in a limiting sense.

It is alsoipo be understood that the following claims are
intended to cover all of the generic and specific features of
the invention herein described, and all statements of the
scope of the invention which, as a matﬁex of 1angua§e, might

be said to fali therebetween.



frequency and phase versus frequency and an Hfilt wth a dual 36
Repl acenment Sheet 1/1 1/95 lag filter, and the controller derived fromH
and a dual lag filter at 10Hz is shown in Figure 14(c). The breakpoi nt
frequency shown coul d al so be noved | ower. System perfornmance is in not
degraded when a dual 10 Hz lag filter is used. This was verified by
exam nation of a plot simlar to Figws 11. Stability is not conprom sed,
but ability to reject high- frequency resonances is increased. The system
of Figure 9(a) is now exam nedPPENDIX a second-order system whose natura
frequency is fo (w”"2=ks/m wo=2*[err]*fo). The danping ratio of the system
i s defined Yopefleft]m= (kd+ka/ta)/(4*[err]*fo*nm). The natural frequency fo
is 1.0Hz. Ror Ckdx0 Skafls®idta=23/2f88r]=0.8. System danping, in theory, may
be obt ai ned psPA§uEmarErdesign, ofi nagnetic meaking However, use of the
vari abl e k& _ i RapFatsi e taneses dineardinenwionsdimanm, Ftoste i3 Néwgatssed,
t he danpingégignal w ll, have | ess noise. Second, the danping signal is

£

- E%ﬂgnes
referenced o=1$n§r322§r§§) requency

wo=2*pixfo; .
ka=100;% acceleration feedback gain.
ta=10 ; % acceleration feedback lag time constant
£p=30; % position feedback lag time constant
k€=1nput('kp'); % position feedback gain #* kp+ks=static spring r
ate
ks=m*wo0~2; % spring rate at higher frequencies o
% feedback transfer function = H .
Hnum=(ka*tp, (kat+ks*ta*tp), ta+tp) tks+kp*ta kp+ks};
Hdenl=conv((ta 1],(tp 1]); (« p) *® be kP b
Hden=(0. Hdenl];
% forward gain = G;
Gnum={0 0 1];
- Gden=(m .001 0];
f=logspace(-4,2,300);
w=2*pi*f; ' .
%(numc, denc]=feedback(Gnum,Gden,Hnun,Hden,-1);
numc=conv(Gnum, Hden) ;
denc=conv(Gden, Hden) +conv (Gnum, Bnum) ;
numo=Hnum;
deno=conv(Gden,Hdenl) ;
t=0:.01:10; )
[pos,x]=step(numc,denc,t);
plot(t,pos*1000);
title('Position vs. T for 1000 N Applied to m=1 Tonne')
ylabel ('position (mm)*) ' .
Xlabel(‘'time (s)') :
grid :
figure(2) .
Gol=fregs(numo,deno,w);
mag=abs (Gol) ; -
mag=20*1logl0(mag) ;
ang=angle(Gol);
ang=unwrap (ang) ;
'2n9=(180/pi) *ang;

Gecl=freqgs (numc,denc,w);

magc=abs (Gcl) ;

magc=20*loglo (magc) ;
angc=angle(Gecl);

angc=unwrap (angc) ;

angc=(180/pi) *angc;

subplot(211), semilogx(f,mag,f,-magc)
axis([.01,100,~-20,80])



Use of a danper referenced to inertial space inherently provides vibration
danpi ng. The greater the variable ka, the greater will be the danpi ng of
vi brations. Wen the danping signal is derived fromrelative position, as
derived using a position sensor, the vibrations are reduced until the
danping ratio goes to approximately 0.3. Beyond that, increase in danping
rati o does danp the systembut it al sg, couples rail waviness into the
el evator. The vibrations comng fromTail waviness will increase as
danpi ng derived using posi tiuuinbeRdAPaSKkiSuddcr eased above [err]=0..3. 37
A conparison of performances of coordinated controller using accel eration
f eedback QQ?%dlggtedzgcwgd Il er not using acceleration feedback
i ndi cat es e use of acceleroneter feedback enhances the performance
of the sy J.Q:'I‘e(TbQ. cabanmmpe;rfdomamﬁeefséUi;a:?nbﬁ%ﬁnﬁ)ﬁ no differentiating
S reqU|rqqdbalqthmpntapjipr which is in effect controller Furt her,
an el evat gflapelt(e FREQUENCHC(#Z)enonet er

refline=-180*ones(length(£),1);

subplot(212), semilogx(f,ang,f,angc,f,refline,'--',f,-refline,'--'

) .
$axis([.1,100,-360,360])
axis([.01,100,-400,200])
grid
title('OL and CL Phase')
ylabel('PHASE (DEG)').
xlabel (' FREQUENCY (Hz)')
% )
figure(3)
H=fregs (Hnunm, Hden,w) ;
magh=abs (H) ;
magh=20*1og10 (magh) ;
angh=angle (H) ;
angh=unwrap (angh);
angh=(180/pi) *angh;
%

Hmod=freqs((tp*ks, ks+kpl,{tp 1].w);
maghmod=abs (Hmod) ;

maghmod=20*1ogl0 (maghmod) ; .
anghmod=angle (Hmod) ;

anghmod=unwrap (anghmod) ;
anghmod=(180/pi) *anghmod;

%

subplot(211), semilogx(f,magh,f,maghmod)
- axis([.01,100,20,80])
$axis((1, 10, =20 20])
grid
title('Gain of Compensators H and Hmod (N/mm)')
ylabel (*GAIN (dB)')
Xlabel (' FREQUENCY (Hz)!)
refline=-180*ones(length(f),1); g
subplot(212), semllogx(f angh £,anghmod, £f,refline, '--!,f,-refline,
| U | . ..
$axis([.1,100,-360,360])
axis([.01,100,-200,200])
grid
title('Phase of Compensators H and Hmod *)
ylabel ('PHASE (DEG)')
xlabel (  FREQUENCY (Hz)*')



f eedback provides sone inportant advantages. The accel eroneter feedback
provi des danping referenced to inertial space.: This is verybeneficial in

suppression of vibrations. The design of such.a Mﬂumw al so take
into account the effects fromcoupling effects | mwmjﬂ!l‘ axes of
mechani cal system the effect fromnoginearity in ?hé-swsten1 ch as

operation on/off stops and saturation of transducers, and the effects from

paranmeter variation caused by heating, etc. Finally, the use of
acceleroneﬂﬂﬂﬁlééﬂﬂgéﬂlﬁﬂLdE£EIevator magnetic bearing having position
ethack PL o Al Moot S R, o e e S, o
han vt scotts IR o fEe S RRRRE M T IR 2 S o5 ol GRSt
dori vat | ve SHAEoeTh (Bt (PR et Ganpi ng.  The fecdback of bot h

integrated and pfc?c?ﬁ tﬁa@fﬂe@&c eéeq{é)ﬂ;?& efﬁea{r@. 0( fﬂa)t,' %sﬂg};éive to local
parameters sensed in each of the five degrees of freedom in
the global coordination system (X, ¥, 2Z), for providing local
parameter signals (G,, A,);
coordinated control means (16), responsive to the local
parameter signals (G,, A,). for providing coordinated control
signals (CC,, CC,, CC,, CC,, CCyu); and
local force generating means (18), responsive.to the
coordinated control signals (Ccﬂ,_ccﬂ, CCyy, CCy» cCys), for
providing coordinated local forces (Fy, Fos Fy. Fpo Fs3) to
maintain desired gaps between the frame and the guide rails to
coordinate the pasition of the elevator car (12) with respect
to the elevator shaft of the building, wherein rigid body
motions of the elevator car (12) in a global coordination
"system (X, ¥, Z) are kinematically defined by at least five
degrees of freedom including side-to-side translation along
the X axis, front-fo-back translation aiong the Y axis, a
pitch'rotation about the X axis, a roll rotation about the ¥

axis, and a yaw rotation about the Z axis.



38 provides inertially-referenced danpi ng plus nass augnentation b
el ectronechani cal feedback. D. Force Coordi nator . I nat ed

control nmeans 16 includes a force coordinator 300 Emm t he

gl obal -to-1ocal force and nonment control. Mat her'ratm ﬂ“ “

forces and nonents at the gui de heads 310, 20, 30 ace dertved Fron1[err]
by the follow ng equation 5: [err] ..... ... Eq. (5) -where [err] [err]

and where [err] = [er and where T3 .is transfornatlon natrlx

defined by equat% ontts ‘J]%Vaf[ttﬂq SWstem aqcopdd nigedi?eﬁ imy dm é’é’(ﬁ’r’edﬂsl
f eedback { 104 106, 108 d ti
ocel or oo iPHalen, Wil mesne 080, R, 3w i Festbrgk e

coordinated controller (100), responsive to local position

error signals (G,, G,.) in the 1oca1-parameter.signals (G, A,),
for providing coordinated global force or moment position

feedback compensation signals (FCxyr FCypy FCuypr FCuypr FCugp) »

3. An elevator system according to claim 2, wherein the
position .feedback coordiﬁated controller (100) includes a
local~to—-global coordinated position controller (102),
responsive to local position error signals (X Xpper Yipes Y%#l
Y3.) in the local position error signals (G,, Gg) for'providing
coordinated élobal position error signals (Xw,'Yp, RX,, RY,,

RZN) -

4. An ele#ator system according to claim 3, wherein the
controller (100) includes position feedback compensators.(104,
106, 108, 110, 112),'résponsive to the coordinated global
position exror signals (X, Y., RX,, RY,, RZ,), for providing
the coordinated global force or moment position feedback

compensation signals (FCy,, FCy,; FCyyps FCuhypr FCug) -



39 translate-x, translate-y, rotate-x, rotate-y, and rotate-z})—and—+fed into

the force coordinator 300 which utilizes the force ¢ rEpt i on
nmeans 314. T3 mathematically represents a transf ornﬁ@“{l!ﬁ%ilﬂﬂﬂ“%ﬂrby t he
transformati on neans 314 of the force coordi nator 306 s gl oba
force and nonent conpensation signals §n the gl obal coordinate system GCS
i nto coordinated control signals which control the forces and nonents
applied in the local coordinate systenms [err] .In particular, the force
coordi nat or 300 % s Amsgberater tsystaorakcoatdingl obatldiom o, othemmianteach
position feedback conpensation signals [err] and further responsive to
t he coordi ref dehe)I Rl tion ckeefdbagimermprnatons | 604 ccfac Kl Bonpdisat i on
signals [err] [err] for providing the |local force, coordi nated control

si gnal s [er#iz)_ls 3 PEeRectionak-infegrabuier abtvamratemisiar s
correspondi ng coordi nated gl obal force or nonent position feedback
conpensation signals [err] [err] and coordi nated gl obal force or nonent

6. An elevator system according to claim 1, wherein the
coordinated control means (16) includes an accelerometer
feedback coordinated controller (200), responsive to local
accelefation signals (A,) including (X;,, X5, Yir Yar Ya). for
providing coordinated global force or moment acceleration

feedback compensation signals (FC,, FCy,, FCyx,r FCyyar FCpz) -

7. An élevator system according to claim 6, wherein the
accelerometer feedback coordinated controller (200) includes a
local-to-~global accelerometer coordinated controller (202),
responsive to the local acceleration signals (X,,, X, Yur Yar

Ys) , for providing coordinated global acceleration signals (X,,

Y,, RX,, RY,, RZ,).



accel eration feedback conpensation signals [err] [err]._into corresponding
| ocal force coordinated control signals [er whi ch are respectively

provi ded to the anal og magnet drivers 140, 142 gﬂll!ﬂﬁlwimwlma force
coordi nator 300 includes sunmng circuits 302, 3

respectively responsive to the coordi gt ed gIobaI force or nonment position
f eedback conpensation signals 40 [err] [err] and further respectively
responsive to the coordinated gl obal force or nonent accel eration feedback
conpensation si ¢haldn|[eleyater rsystemmcourding ©f relaim BowWheotin o6

308, 310 respectively provided summed coordi nated gl obal force or nonent

posi tion an%P%Fbl:‘é‘F‘éTi:{-‘P%lfWW%M#W%F%&%“T@HEHhQQH ce and
nmonent contyol_transfornmati on means 314 i s responsive to t he sunmed

coor di nat e RFBiAeS f3rceleronshent TRAPIFH (FAMRPRRREPER k(20 eAlion i 208

signal [errglol 212), responsive to the coordinated global acceleration

signals (X,, Y,, RX,, RY,, RZ,), for providing the coordinated
global force or moment acceleration feedback compensation

signals (FCy,, FCy., FCuxir FCuyar FCrz) -

9. An elevator system according to claim 8, wherein each
of the accelerometer feedback compensators (104, 106, 108,

116, 112) is a proportional-integral controller.

10. An elevator system according to claim 1, wherein the
coordinated control means (16) includes a-global-to-local
force and moment coordinated controller (300), responsive
coordinated global force or moment position feedback
compensation signals (FCy,, FCy,, FCyx,y FCuypr FCpg), and
further responsive to coordinated global force or moment

acceleration feedback compensation signals (FC,, FCy,, FCyg,,

FCyy.r FCyz) . for providing the coordinated control signals

( chl ! ccn ¥ 4 ccyl ’ CCﬂ I CCya) L]



[err] for providing the global-to-local force and merent- coordi nat ed

control signals [err] The force and nonent control ' ans 314
can be inplenented with either an anal og or digi taI,Mﬂﬂi@ﬂj"ﬂMjHuﬁct i on
can be carried out by the same signal processor as ering
controller 100 as shown in Figure 7 orsﬁay be carried out in a separate
signal processor simlar to that shown in Figure 7 having a centra
processing unit 100a connected by a bus 100b to a RAM 100c, a ROM 100d and .
an i nput/out put 1boeAn|elevaior GEY$taRGCGRNERATING MEANT 0.8 Wirergigwttlien
Figure 6, the AMG system jncludes anal og nagnet drivers 140, 142, 144, 146
and 148 at Fiebabrkp-lecel Eereemnd|newent ¢rerdinatedreamirablemnec(IM) s

of the elecironagnets to,create bj-directional force generators from 41

the six el etR% cSURBInG CIYCUHER| (BORr r34 i 206 £ A8 0tIeR) £ ypes of

drivers nBXrggiéﬁgfbéo obgﬂg Ségﬁ {S§@g£%§1§g§5c¥£¥ge or moment position

feedback compensation signals (FCyx,, FCy,, FCuxys FCuyypsr FCugzp) s
and further responsive to the coordinated global force or
moment acceleration feedback compensation signals (FCy,, FCy,,
FCaxar FCuryar FCumz) » for providing summed coordinated global
force or momentwposition and acceleration feedback

compensation signals (FCy,, FCy,, FCuxms FCumyps FCuzp) +

12. An elevator system acqording to claim 11, wherein the
global-to-local force and moment coordinated controller (300)
includes force and moment transformation ﬁéans (314),
responsive to the summed coordinated global force or moment
position and feedback compensation control signal (FCy,, FCy,,

FCyxpasr FCumypar FCuzp) ¢ for providing the coordinated control

signals (CC,, CC,, CC,, CC,, CCyj;).

13. An elevator system according to claim 1, wherein the
driver means (18) includes analog magnet drivers (140, 142,
144, 146, 148), responsive to the the coordinated control
signals (ccC,, CC,, CC,, CC,, CC,), for providing the

' associated coordinated magnetic forces to at least three of

the guide heads (10, 20, 30).



types of actuators that may be used. In general, _the anal og nagnet drivers
140, 142, 144, 146, 148 are responsive to the local force coordi nated
control signals [err] for providing the assbjil maumﬂ Iu"ﬂM'ﬂl nat ed
magnetic forces [err] to at l|east three of th pdett wicss 20, 30.
The anal og magnet drivers 140, 142, 1445 146 and 148 may be as shown in

U S. Patent No. 5,294,757 at Figure 20. In particular, at guide head 20 the
driver 140 which nodul ates currents to el ectromagnets 22, 24, 26 usin

di ode swi t chi ng 34ogi AN (BLVIERE SXFHan mqnﬂmw%%r%lém k halexein she
uses an analog PID control to regulate the error, hetween a force request
via line 283MPIRIARERT MRANS[(14e Nfides Y Lfask /ity ngnyeant and

15. Both the_ di,od i t chi | Qi nd Pl D trol k in th t
descri bed HPIHEIOR FRRRERE FRdMASE g At garss adenly the (RaRR oF or s

Coor ot nat orHE TR Y st AT o Véf’a't**ef #acﬁz Fr Rt s
o evator AR b B el SR " ovator Tigid body

15. An elevator system according to claim 1, which
further comprises a dynamic flex estimator means (406) ’
responsive to the local position error signals (G,, G,), for
providing an additional global coordinated force position
feedback compensation control signal (FCy,) to compensate for

any dynamic flexing in the frame of the elevator car (12).

16. An elevator system according to claim 15, wherein the
dynamic flex estimator means (400) includes a dynamic flex
estimator means (160), the local position error signals (G.),

for providing a nominal rigid body position signal (Y,0).

17. An elevator system according to claim 16, wherein the
dynamic flex estimator means (400) includes a summing circuit
(164); responsive to the nominal rigid body position signal
(¥,0), and further responsive to a dynamic deflection bias
signal (Y,pias), for providing an estimated rigid body position

signal (Yest).



notions with a mnimum set of sensing and actuation.~—Howevers—ot her
enbodi ments are possi bl e which use redundant sensi : j on.
42 V. DYNAM C FLEX ESTI MATOR 400 I n general, there”ﬂ{!ﬂlrnmnwﬁmgm‘: twi st
in the elevator car frane such that the front-to-backecgaps _not
pl anar, and may introduce error into t66 AMG system To overcone this, as
shown in Figure 6 the present invention includes a dynamc frane flex
estimator 165 which cooperates with a frame fl|ex feedback controller 170.
The dynami c framd8f| AR eievVakesrsYsten aecrrdingt ke Fhaim| }7 pewBaredngthe

[err] into nom,nal__ri gi d _bod redicted posifion, [err]. A summer 164
adds the no HéwlFi§i8xb86§15?£8$c?%ﬂn§0§?8?ban%}??Lﬁnﬂ subtrafting

def ti ' bi 162.at th ' d ' desired
acal gap SPARARLEoKEBhni ERSPENANTR At the mar Shnfeq oFEula bodi ede L TuR "

3;?[‘1 t |[ g:}r Liglr'lgiu'( E!iensgc)i 'n aa}:dj ypuar'@hcerdgels S isc:}.rw]res i'I:%naaI mdégls'ur-gaa rcg}/gr}.adﬁb%dy

position signal (¥Y,m), for providing a differential signal

(DY) -

19. An elevator system according to claim 18, wherein thé
dynamic flex estimator means (400) includes a position
feedback compensation means (170), responsive to the
differential signal (Dy,), for providing the additional global

" coordinated force position feedback compensation control

signal (FCy,,) .

20. An elevator system according to claim 19, whegqinﬂghe
force generating.means (18) includes an analég magnet drivér
(150), responsive to the additional global coordinated force
position feedback compensation control signal (FCy,), for
providing a dynamic flex local force (F,) to a four guide head

(26).



signal dy4 is provided to the frameflex feedback controller '170. As shown
in Figure 6, the remaining f/b control axis, [err]. ’iumml"m"ﬂm the
anount of dynanmic f/b flexing in the el evator frame uﬂ th
f/b gap in the [err] axis is generated, fromthe [err] vector "of neasured
gaps based on the assunption of rigid body (non-flexing) notion.

Mat hematically, the nomnal rigid body predicted position, [err], is
determ ned by equatign 7, as.follows: [err] .. . . .....

VLt plying out 2hesBR &1ePask? sRgRan! So0hraing, o chain 2, harein bid
i the st PAeHRFSF,SYstE phPl koo ices & 1garn-tn€lE S AVREMRCRED
local gap MeARMGATR tr319NR5D {nsaﬁé g }C@QQP&SN&%*‘& é%&f{\e” Pagkai/ b

gap sensors: surenent o efornation af t axr s,
[err] bias, position Vp of the elevator car (12), for providing rail map

signals (Xr), including a summing circuit (82), responsive to
the rail'map signals (Xr), and further responsive to the
desired nominal gaps (G,), for providing the associated desired
local gap signals (G;), and including subtracting means (95),
responsige to thg local position error signals G,, and further
responsive to associated desired local gap signals G;, for

providing measured error signals G, in the form of local

position error signals (X, Xyer Yiper Yaper Yige)

22. An elevator system according to claim 1, wherein the
force coordinator 314 provides an additional local force

coordinated control signals CC,

23. An elevator system according to claim 22, wherein the
elevator systen further_comprises a summer 312 for a&ding the
additional local force coordinated control signals CC, to an
additional global coordinated force position feedback
compensation control signal (FCy,) from the feedback
.compensator 170, for providing a biased local force
coordinated control signals CC,’, which drives the analog

magnetic driver 150.



Is estimated frominitial readings [err] and [err] fromthe front-to-back
f/b sensors, by equation 9, as follows: [err] bias = [err] ......... Eq. -
(9)° Thus, the amount of dynamic deflection in the front-to- back axis f/

at guide head 26 is defined by equation 10, as follows: Dy4 = [err] = [err]
bias - [err] ........ ... ... Egq. (10) A feedback controller 170 ([err](s)) ,
simlar in formto the feedback ﬁgﬁg@g@gg?rs 140, 142, 144, 146 and 148
with ki = 0, could then be inple control the anobunt of el evator

A i S e e
set to equa @ze ront and back gaps on'aII front-to-back f/b axes and .
oA o S oL £ Sl B Wy Mol e Mr RV
‘generating §j¥pat&Fatal Of£E) AOF AP G- LA At S Ses on quide rails
of an elevator shaft of a building. The elevator car (12) has
a rigid body motion in a globgl coordination system (X, Y, 32)
kinematically defined by five degrees of freedom including
side~to-side translation along the X axis, front-to-back
translation along the Y axis, a pitch rotation about the X
axis, a goll rotation about the ¥ axis, and a yaw rotation
about the 2 axis. The elevator system includes local
- parameter - sensing means (14), responsive to local parameter
sensed in each of the five degrees of freedom in the global
goordiﬁation system (X, ¥, 2Z), for proﬁiding local parameter
signals (Gns A,); coordinated control means (16), responsive to
the local parameter signals (G,, A,), for providing coordinated
control signals (CC,, CC,, CC,, CCp, CCyp)i and local force
generating means (18), responsive to the local force
coordinated control signals (cc,, CC,, €C,, CC,, CC,), for
providing coordinated local forces (F,, F,, F,, Fy, Fy) to
maintain desired gaps between the frame and the guide rails to
coordinate the position of the elevator car (12) with respect

to the elevator shaft of the building.

(Figure 1)



44 [efr]

i nclude a sixth control
approach utilizes al
sensors to contro
rigid body notions in |ocal
the rigid body notions in the gl obal
can be witten in conmpact matrix .notation by equation 11 as foll ows:

= [err]
t he gl obal

For exanpl e,

..... Eq.

t he | ocal
si gnal
si x force generation el ectrofff
the five rigid body degrees-of-
coordi nate system [err]

[err] generate

coor di na

f orce coordi nat ed contro

d for the qguide

/

A e iy — v = ¥ S8

L

te system GCS as:

%1 SHREET 1BAS BEEy
ORePTREGEDI S,

signal s can
Thi s

---_—‘--

D)
e

from
[err] which
[err]

-

(11) One can then determ ne an estimte of

coordi nate systen1G£S degrees of freedomusing the ful

set of

| ocal coordinate system LCS gap senygg readings by using a left-inverse of

the matrix A- That is,
......... -Eq.
mnimze the error

—_

[err]

14~

a matrix B defined by equation 12 such that:

BA =

(12) One such left-inverse can be found to

/f-lz
ELEVATOR |
| i" CAR _'1|
12— _~18a
| (Fx,,Fxy,
1 FYs FYys
Fy3' FY4)
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PARAMETER FORCE —18
SENSING GENERATING
MEANS MEANS
A
L—~14a —16a
(Gycs An) (CCyx;»CCxa,
' L CCy| ' CCyz,
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.
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in estimate of the global coordinate system GCS degrees of freedomin the
form of .equation 13: 45 Jerr] ........ .. Eg. (13) See G lbert Strang,
"Linear Al gebra And I'ts Applications", Academ c Press Inc., 1976, pp.

106- 107. For this specific case, this results in the following: [err] where
[err] It can be easily shown, in a gynglar fashion, that the desired forces
at the six guide heads can be related to Fclby equatioD/;Aq as follows:

[err] .......... .. Eq. (14) 46 e

30

X1, Fx)



where T3 is a transformation defined as: [err] and [err] Matrix Tl is a
transposition of matrix T3 and vice versa. Thus, one coul d expand the

el evator AG systemto include redundant sensing (e.g., including yp4e
posi tion and/or y4a sensors and addi ng another columm to the T1 and/or T4
matrices respectively) and/or redundant actuation (e.g., including Ccy4d

actuation by adding another rowto the T3 matrix). As shown in Figure 6,
the force coordinator 314 provides the additional |ocal force coordinated
control signals [err] A sumrer 312 adds these signals to conpensation
signals C4(s) fromthe feedback co@fddsator 170, for providing a biased

| ocal force coordinated control signals [err] which drives the anal og
magnetic driver 150. In a systemthat did not include 47 a dynamc flex
control, the additional |ocal force coordinated

(20

_~22

|

20a Lo 60 __-247 | 727
r_e;\z--/a::-.| 64ﬁ T

o 26

70
FlG. 3




control signals [err] could also be coupled directly to the anal og nagnetic
driver 150. As nentioned above, the coordinated control system may al so be
used in other active guidance systens such as el evator systens having an
Active Roller Cuide as described in U S. Patent No. 5,294,757 to
potentially increase effectiveness of the vibration suppression. It wll
thus be seen that the objects set forth above, and those nade apparent from
the preceding descriptions, are efficiently attained and, since certain
changes may be made in the above construction wthout departing fromthe
scope of the invention, it is intend that all matter contained in the
above description or shown in the ac ﬁpanying drawi ngs shall be '
interpreted as illustrative and not in a limting sense. It is also to be
understood that the following clains are intended to cover all of the
.generic and specific features of the invention herein described, and al
statenents qf the scope of the invention which, as a matter of |anguage,
m ght be saild to fall.%yerebetmeen. :

_ 20a

272

R SRS

20

L66 f'4

—» «—S/S AXIS
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48 APPENDI X %onedofl.m % C. A. Skal ski 12/ 2/ 93 % prelimnary design of
magnetic bearing. % nmass is in tonnes, |linear dinensions in nm force in
Newtons clg mel ; % nmass in tonnes fo=1; % natural frequency wo=2*pi *f o;
ka=100; % accel erati on feedback gain. ta=10 ; % accel erati on feedback | ag
time constant tp=30; % position feedback lag tinme constant kp=input('kp');
% posi tion feedback gain ** . kptks=static spring r ate ks=nfwo 2; % spring
rate at higher frequencies % feedback transfer function = H Hnun¥[ ka*t p,
(ka+ks*ta*tp), ((ta+tp)*ks+kp*ta), kp+ks]; Hdenl =conv([ta 1],(tp 1]);
Hden=[ 0 Hdenl ]; _ :

5/16

| |

—»| f=—f/b
| |
[}
200 B
")“ |

26~ —52 60 22
AN .
I ———— | _~20

mI=

t{ﬁ

FIG. 5
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ang=angl e(Gol ); ang=unw ap(ang); ang=(180/pi)*ang; %

el =freqs(nunt, denc, w); magc=abs(CGcl); magc=20*1 0gl0( magc);

angc=angl e(Gcl ); angc=unwr ap(angc); angc=(180/pi)*angc; subplot(211),

sem | ogx(f, mag, f,-magc) axis([.O01, 100, - 20, 80]) 49 APPENDI X (conti nued)
O/ams([l 10, 20 , 20]) grld t|tle( OL Gain (NNN) and CL Inverse Gain
(Nmm ") vyl abel (° GAIN(dB) ) - 17/16

XCe

rl22 5—|26

INTEGRATOR DIFFERENTIATOR

/-IZO F|24 rIZB

PROPORTIONAL INTEGRAL DERIVATIVE
GAIN GAIN GAIN

+
+ +

130

Low-rass | 122

FILTER
[ :

FXc

FlG. 8



x| abel (" FREQUENCY (Hz)') refl i ne=- 180* ones(| engt h(f),1); subpl ot(212)
sem | ogx(fang, f,angcfrefline, ,f,-refline,'--" %axi s([ 1, 100
aX|s([ 01, 100, 400 200]) ogrid t|tIe( OL and CL Phase')
(DEG'). xlabel (' FREQUENCY (Hz)') figure(3) H=freqs(Hnu
magh=abs(H); magh=20*| og10(magh); angh=angl e(H); angh=u
angh=(180/ pi ) *angh; Hnmod=freqs([tp*ks, ks+kp], tp 1],w; maghm)d:abs( Hnod) ;
maghnod=20*| og10 (nmaghnod); anghm)d:ar%g,llg( Hrmod) ; anghnod=unwr ap( anghnod) ;

DIRECT CAR FORCE RAIL IRREGULARITY, Xr
SRR BN ER BV .
s s +
204 ACCELERATION -~
———
| | M(s) | L{
l .
| DUAL LAG FILTER 204a ||
BF A— |
| i i Ka
II ti%s+1 [ |t2%s+1 | | Ta*s +1 :
e —
l04_7_

| C(s) |

I

| :

| 1 o 1

| | t3%s+1 t4%s +1

|« v

I 104¢

I

DUAL LAG FILTER
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anghnmod=( 180/ pi ) *anghnod; subpl ot (211), sem | ogx(f, magh, f
axi s([.01, 100, 20,80]) %axis([1, 10, -20 ,20]) grid title
Conmpensators H and Hrod (NNnm') ylabel (' GAIN (dB)') xla
"(Hz)') refline=-180*ones(length(f),1); subplot(212),

sem | ogx(f, angh, f, anghnod, frefline,'--',f,-refline,
%axis([.1, 100, - 360, 360]) axis( .01, 100, -200, 200))'grid title(' Phase of
Conpensators H and Hnod ') yIabeI( PH@§§ (DEG ') xl abel (" FREQUENCY (Hz)")
WHAT IS CLAIMED I'S: 1. An el evator systen1|nclud|ng an el evator car (12)
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having a frane for operating on guide rails of an elevator shaft of a
bui I ding, conprising: |ocal paraneter sensing neans (14)
| ocal paranmeters sensed in each of the five degrees of f

eadgm- _ETt\—hPéS BEEN

gl obal coordination system (X, Y, Z), for providing |oca paranﬁwmkfﬁﬂgugugr
[err]; coordinated control neans (16), responsive to the\lece—pa BT Eer
signals [err] , for providing coordinated control signals [err] and

| ocal force generating neans (18), responsive to the coordinated control
signals [err] for providing coorgnéﬁged | ocal forces [err] to

mai ntai n desired gaps between the frane and the guide rails to coordinate

the position of the elevator car (12) with respect to the el evator shaft of
the building, wherein rigid body notions of the elevator car (12) in a

gl obal coordination system (X, Y, Z) are kinematically defined by at |east
five degrees of freedqmuncluding side-to-side translation along the X
axis, front-to-back tlation along the Y axis, a pitch rotation about

the X axis, a roll rotgfon about the Y axis, and a yaw rotati on about the

Z axi s.
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51 2. An elevator systemaccording to claim1, wherein the coordinated
control neans (16) includes a position feedback coordi €OTLT SEeN
(100), responsive to local position error signals [err] ﬂTﬁihé&#oﬁ;
paraneter signals [err] for providing coordinated gl ob foréEfEffﬂ”
position feedback conpensation signals [err] 3. An el evator system
according to claim2, wherein the position feedback coordinated controller
(100) includes a |ocal-to-global coquigated position controller (102),
responsive to |ocal position error sigA |ls [err] [err] in the |ocal

position error signals [err] for providing coordinated gl obal positicw5
error signals [eg] [err]. 4. An elevato systenlaccordinb o clai m8&
wherein the contwl | er (100) includes pgsition feedback cprppensatorq (104,
106, 108, 110, 15?), responsive to the ¢oordi nated gl obal} d¢sition 4grror
signals [err] Jfor providing
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t he coordi nated gl obal force or nonment position.feedback conpensation
signals [err] 52 5. An el evator systemaccording to clarmd—wherein .
each of the position feedback conpensators (104, 106, 1 THﬁiBHEHJQ} hﬁr% H
proportional -integral -derivative controller. 6. An elev r §§§Peanq
according to claim1, wherein the coordinated control neaﬁ_“(IG iﬁﬂﬁhﬂ
an accel eroneter feedback coordi nated controller (200), responsive to | ocal
accel eration signals (AmM includin524 rr for providing coordinated

gl obal force or nonment accel eration Eﬁ dback c npensatlor signal s [ekéé

An el evator system according to clai mhere iin the accdl erpneter f back

coordi nated controller (200) include$ a | ocal - to-gl obal dcce| eronet eE
coordi nated controller (202), respong§ive to the |ocal acdel efation sfgnals
[err] [err],. for providing coordinatgd gl obal acceleratigqn s|gnals [§rr]
[err] _ | i
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accel eroneter coordinated controller (202) includes ad
conpensators (204, 206, 208, 210, 212), responsive to Q|he comm?hﬂ»
gl obal acceleration signals [err], for providing the c{oreH '
force or noment accel eration feedbackuvﬁgpensatlon signal s [err] 9. An
el evat or system according to claim8 rein each of the accel eroneter
f eedback conpensators (104, 106, 108, o110, 112) is a proportional-integral

controller. 10. An elevator systemadeetding tq claim1, hhefein the #_-9.
coordi nated control nmeans (16) incluges a global-to-local|fofce and Hpnent
coordinated controller (300), respongive coordinated gl objal force or ponent
position feedback conpensation signalfs [err] and furft hef responstve to
coordi nated gl obal force or nonent aqteleratlon f eedback [conpensati orf
signals [err] B 3 o "
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[err]), for providing the coordinated control signals [err] 54 11. An

el evator system according to claim 10, wherein the gl obagt=te 'qggL—Lche__:
and nonment coordi nated controller (300) includes summ n{ wis@Hit=s 302N |
304, 306, 308, 310), responsive to the coordinated gl obfl forgergrcEmnent |i
position feedback conpensation signals [err] and furthefF i
coordi nated gl obal force or nonent. ddétberation feedback conpensation
signals [err] [err], for providing s&g;ed coordi nated gl obal force or

nonent positiopn and accel eration fee ck- conpensatlon signals [err]. S&
An el evator sydtem according td claifm™1, mherpln t he gl)bal-to-loqcr orce
and noment coorYinated controlller (300) includes fofce afpd nonent |[
transformation ans (314), responsifve to the lsunmef coofdi nat ed gncbal
force or noment sition and fdedbadk conpens#tlon contr ¢l signal h Tr]
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[err], for providing the coordinated control signals [err] 13. An el evator
system according to claim1, wherein the driver neans (18) includes ara-eg-=—"]
magnet drivers (140, 142, 144, 146, 148), responsive to the the cooidinated:- "
control signals [err], for providing the associated coordi nated magneti‘¢'~
forces to at least three of the guide heads (10, 20, 30). R S . ate: | I
el evator system according to claiml, whdflSi n t he gap neasurenent neans

(14) includes at |east one non- cont act, position sensor for .neasuring gjr

gaps between the frane of the glgvatqrcoear and |the guide yailg, and:foO
provi ding the IRQcal gap nmeasurgnent ¢ gnals. 15. An elevator gystent [
according to claym1, which ffrther ¢onprises g dynamc f}ex estimafdr
means (400), respgnsive to t | bcal {position drror signals [prr], {qr
provi di ng an addi t\i\onal glo cpor difhat ed fordle position ||
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f eedback conmpensation control signal [err] to conpensate far_.any_dynam c
flexing in the frame of the elevator car (12). 16. An eIevan¢£5§y$4en1xﬁd e
according to claim 15, wherein the dynamc flex estimator Zzﬁns (ggp)ntp H
i ncludes a dynamc flex estimtor nmeans (160), the |ocal p¢ frhgRo ey OF—
signals [err], for providing a nomnal rigid body position signal [err].

17. An el evator system according to claim 16, wherein the dynamc flex _
estimator neans (400) includes a summing circuit (164), responsive to the
nom nal rigid body position signal [err], and further responsive to a
dynam c deflection bias signal [erngs1gor providing an estinmated rigid body
position signal [err]. 56 18. An el evator system according to claim17,
wherein the dynamic flex estimtor means (400) includes a subtracting
circuit (168), responsive to the estimated rigid body position signal
(Ydest), and further responsive to a neasured rigid body position signal
[err], for providing a differential signal

FORCE ™\ POSITION
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[err]. 19. An el evator systen1§E£9L34ng to.claim 18, wherein the dynamc
flex estimtor neans_488F1cCl T position feedback conpensati on neans
(170), responsive A savy all si gnal (Dy4), for providing the
addi ti onal gl obal josi ti on feedback conpensati on contr ol
signal [err]. 20. I'Emi@dcor di ng t oReplacemieht Stemtei il 1/95
force generating [eamr incl udes an anal og magnet driver (150), -
responsive to the additional gl obal coordinated force position feedback
conpensat i APESAIt 1R LS| FaI Ne¥kens.  gPhervas tabke kslyimmanputed laxal ¥ or ce
[err] to a four guide head %2%). 57 21. An elevator systemaccording to
claim2, wreiierR & &t &r Tsystfomtet: ther examplesesThel pasatino-rai

system 80, incl.uding_rail means (80), responsive to a scalar vertica
posi tion Vo-%t ?%@‘gﬁ’e@“_a?’ag%%ra(’iﬂ? FORSHFBNEitR) 7 495 mafhe gain of

the position feedback filter kp is a parameter. The addition

‘of the variables kp + ks determines the static stiffness'of
the bearing in N/mm. The variable kp is much greater than the
variable ks. Thus the variable kp, for the most part,
determines static stiffness. Damping is obtained by feeding
back acceleration through a very low pass filter. A gain ka =
100 (N/(mm/s?)) and a time constant of ta=10s were used for the
acceleration filter. ;

The analysis of such a system is shown in Figure ;g in a
p9sition versus time graph when a 100 N step is_applied. This
provides an opportunity to examiné system-response under
highly exaggerated condition, although this could occur at .
start up; In an elevator application the force usually ramp
up to 100 N in 2 to 5 seconds. The curves in Figure ;2 shoﬁ'
that with the variable kp in the range 500-2000, the dynamic
performance would be acceptable.

Closed-loop plots are presented to show bearing stiffness

as a function of frequency, and open-loop plots are shown to

permit anessment of sensitivity to structural resonances in
1 R )
Figures }§(a), (b) and Figures ¥ (a), (b). InFigures—iitem}

_ 1
In particular, Figures 33 (a) and (b) show a Bode plot of

the transfer function GH and the inverse closed-loop (CL)



signal s (Xr), including a summng circuit (82), responsive to the rail map
signals (Xr), ﬂﬂu ey ve to the desired nom nal gaps [err], for
provi di ng the %5% ,ﬁ{b§9€ﬁ local gap signals (&), and including
subtracting nej é g953 gﬁ£S|We to the local position error signals
[err], and fur{lhef réSﬁﬁﬁsrvﬁiﬂb ;assod%at ed desi rReplacerabntSheet ghVAl1998d,
for providing neasured error signals [err] in the formof |ocal position
error signals [err] 22. An elevator systemaccording to claim1, wherein
the force Fesbonss Fray £onasyiigwutatoapdsitdnnl ongput.f ofbe doyetiseat ed
control S|gnal err] 23. An elevator system according to claim22, wherein
the el evat 6+ dAdR RefRONSSES $he §P§GﬁﬂbFaBEZOfoghédHPﬁglﬂﬁe1n

addi tional | ocal force coordinated caontrol signals errL to an additional

gl obal cooMdat e ?beﬁﬁ‘ %S o® red9Ba8K "BoRpEn SAPLENPREATLELES GR&I

Coor i nat 6o SR eed%c&%ﬁ%ﬂpq%?vﬁo%%ﬂ AR, 8o ok B nEIREE RS ar i ver

150. crossover (gain = 0dB) frequency is 1.6 Hz. This frequency is

controlled primarily by the variable ks. The phase margin is
more than. 70 degrees. Examination of the closed-loop response
shows a gain of 48 Db at .01 Hz. The static gain fdr this
systen i§ 54.6 Db (20%log(500+39.4)). The bearing stiffness
may be consid?fed adequate for AMG applications.

Figures »(a) and (b) show a Bode plot of the transfer
function GH and the inverse closed~loop response from force
input to position output, and shows what happens ‘when the -
variable kp is increased from 500 to ZOOO-N/mm. Th? static
gain at .01 Hz goes to 60 Db, up 12 Db over Figure i&. The
open4loo§ (OL) curve shows a crossover at 1.6 Hz, as in Figure
i&. However, neither the susceptance to structural resonances
nor the phase margin are increased by increasing kp.

Figures ;%(a) and (b) shows the frequency response for
the controller. As shown, the controller H cannot be
implemented, since its gain continues to rise as frequency
increases. The controller Hmod is needed when acceleration
feedback 1is used in the controller.

The H controller can be cqmbined with at leaét a dual lag
filter. Figure ;é(a), (b) shows a Bode plot of gain versus

frequency and phase versus frequency and an H-filt with a dual
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lag filter, and the controller derived from H and a dual lag
filter at 10Hz is shown in Figure ég(c). The breakpoint
frequency shown could also be moved iower. System performance
is in not degraded when a dual 10 Hz lag filter is used., This
was verified by examination of a plot similar to Figure 2%.
Stability is not compromised, but aﬁility to reject high-
frequency resonances is increased.

The system of Figure 9(a) is now examined. It is a
second-ogder system whose natural frequency is fo (wo*2=ks/m;
wo=2%r*fo). The damping ratio of the system is defined by { =
(kd+ka/ta)/(4*m*fo*m). The natural frequency fo'is 1.0Hz.

For kd=0 and ka/ta=10, {=0.8. System damping, in theory, may
be obtained using either the variables kd or ka. However, use
of the variable kd in practice is préferréd for two reasons.
First, as discussed, the damping signal will have less noise.
Second, the damp;ng signal is referenced to inertial space.
Use of a damper referenced to inerﬁial space inherently
provides vibration damping. The greater the variable ka, the
greater will.be the damping of vibrations. When the damping
signal is derived from relative position, as derived using a
position senéor,_the vibrations are reduced until the damping
ratio goeé to approximatély 0.3. Beyond that, increase in
damping ;atiqlgoeg ddmp the system but it also couples rail
waviness into”the;elévator. .The vibrations cominé from rail
waviness will increase as damping derived uéing position

feedback is increased above {=0.3.



