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ELEVATOR ACTIVE GUIDANCE SYSTEM
HAVING A COORDINATED CONTROLLER

This invention relates to elevators and, more

particularly, to elevators having improved ride quality.

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 fhe 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
platform. In addition, the 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
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or wind buffeting of the building or passenger motions in the
car platform and high frequency'forces produced between the
frame and the quide rails as the elevator moves up and down
thé elevator shaft. The low frequency mechanical 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



which operate with the guide rails, and a controller for
indepgndently controlling one or more selected parameters
indicative of horizontal vibrations or movements in a servo
control loop -as the elevator moves ﬁp and down within the
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.
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SUMMARY OF THE INVENTION

The invention features an elevator AG system including an
elevator car having a frame that operates on guide rails of an
elevator shaft of a building. The elevator car has a rigid
body motion in a global coordination system (X, ¥, 2)
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
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
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simultaneously. In effect, the coordinated controller
coordinates the guidance system which minimizes the systenm
dynamic coupling, and which effectively decouples the system
dynamics 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 1nventlon is the reduction of
cab vibration, noise levels and malntenance of elevator

systems. In particular, the invention can reduce cab

" vibration levels by an order of magnitude.



DESCRIPTION OF THE DRAWING

For a fuller understanding of the nature and objects of
the invention,.reference should be made to the following
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-back 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.



Figure 10 is a graph of position versus time for a 100
Newton applied step.

Figure 11(a)_apd (b) shows a Bode plot of a GH transfer
function and the inverse closed-loop response from force input
to position output.

Figure 12(a) and (b) shows another Bode plot of a éH
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



Figures 3-5. In this illustrated case of Figure 2, the AG
elevator system 2 is thus an active magnetic guidance (AMG)
system which controls the.global position of the elevator car
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.



The coordinated control means 16 for the example of
Figure 2 is responsive to the local parameter signals G,, A,
for providing coordinated control signals CC,, CC,, CC,, CCp,,
CC,; on the line 16&. 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
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X axis, a roll rotation about the Y axis, and a yaw rotation
about the Z axis. As shown, the global coordinate system GCS
has its origin at the geometric (or mass) center of the
elevator car 12. The side-to-side linear translation X. is
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 §, 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,
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as shown. The guide head 20 has a local coordinate system
LCS, having an x, axis and a y, axis with forces F,, and F,
respectively defined along these axes, as shown. The guide
head 30 has a 1oeal coordinate system LCS,, having an x; axis
and a y; axis with forces F, ehd'Fy3 respectively defined along ~
these axes, as shown. The guide head 40 has a local
coordinate system LCS,, having an x, 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-.
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developed kinematic transformation matrices (T1, T3, and T4)
would be modified based on this new alternate system geometry.

The local coordinate systems LCS),, LCSy;, LCS;, LCS, are
related to thé global 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 Far Fy, Fp, Fy, Fy are applied in the all four local

coordinate systems LCS,;, LCSy, LCS;,, LCS4.
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II. THE LOCAL PARAMETER SENSING.MEANS 14

As shown in Figure 3, a typical guide head such as the
guide head 20 of Figure 2 includes three electromagnets 22, 24
and 26. 'The electromagnets 22 and 26 are located in the back
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.
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As shown in Figure 5, the guide head 20 also includes a
non-contacting air gap sensor 68 for measuring the front-to;
back (f/b).gap'along.the y, axis between the guide rail 20a and
the electromagnet 20. The non-contact air gap sensors 66, 68
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.
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IIT. THE COORDINATED CONTROL MEANS 16

Figure 6 shows in detail the coordinated controller means
16 in Figure 1. The heart of the AG centering and vibration
control system is the method of processing local parameter
signals, including local air gaps and acceleration signals, to
determine equivalent rigid body motions at the global
-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
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controller means 16 and determine how it controls the movement
of the elevator car as it moves up and down in the elevator

shaft.

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
example, 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
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responsive to the desired nominal gap signals G,, for providing
the desired air gap signals G,, which represents the desired
air gaps at the respective guide heads 10, 20, 30, 40.

According to the present 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,.



18

B. Position Feedback Controller 100

In general,-the position feedback controller 100 is
responsive to local position efror signals G,,, for providing
éoordinated global force (along an axis) or moment (about an
axis) position feedback signals FCp,. The local position error
signals G, represent the dimension 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 us_ed 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,
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represented by the matrix for [C(s)], which provide the
coordinated global force or moment position feedback
compensation signals-ch, FCyps FCuypr FCuyps FCppge

To do this, the coordinated cbntroller 16 in its broadest
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 signals 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:

%]l L0 0 -a - [%d]

X 100 b -cll¥e

Yit=101 a 0 d||9] ... Eg.(1)
- Vs 01-b o0 djf|s,

A 01 -b 0 -¢ 6,
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where a, b, ¢, d and é, as previously discussed in connection
with Figure 2,_relate the 1oéa1 coordinate systems LCS;q, LCS,,
LCS;, and LCS,, to the global. coordinate system GCS; Xc is the
side-to-side translation; Y. is the front-to-back traﬂslﬁtion;
and 8, is the ﬁitch rotation, 6, is a roll rotatioﬁ, and 0, 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,,

afy,

i
<
Q
+
+

Y: aly

|
&
|

Y 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
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determined from the local gap error signals by Equation 2, as

follows:
b _a_ ¢ _=c]
a+b a+b d+e - d+e
P 0 0 b ae-be d | [%]
Y, a+b (a+b) (d+e) d+e X,
_ 1 -1
|8 -1 i : d“ ' 0 Ya|. C L T
8, a+b atb s
1 -1
0 0 0 —_—
i - 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 aé a
function of the local positio};s 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 = %1/ (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.
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In particular, the local-to-global position feedback
controller 102 is responsive to the local position error
signals Xy, Xjper Yiper Yaper Yapesr LOT providing céordinated global
position error signals X,, Y,, RX,, RY,, RZ, according to
Equation (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 implémented 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 Sélo&, 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 coordinated control means 16
also includes an accelerometéer feedback controller 200 that

coordinates the control of damping and vibration in the

~ elevator car.

The accelerometer feedback controller 200 is responsive

to local acceleration signals A,, for providing coordinated
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global force or moment acceleration feedback signals FC,,
where A, = [X,, Xus Yur Yar Y] and where FC, = [FC, FCy,,
FCyasr FCryar FCyaal -

The desired components of global coordinated force or
moment acceleration feedback signal at the guide heads 10, 20,
30, 40 are derived from FC, by the equation:

. {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 ;ibrations using
acceleration feedback compensetion. 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 repfesents 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
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very similar in nature to the transformation functions for
determining the matrix T1 in the position feedback controller
102 as taught above.

However, it should be féalized 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
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inertia in this simplified analysis which is not intended to
be a rigorous assessment of the stability and pérformance of
the proposed feedback compensators but is rather included to
illustrate typical features and issues associated with the
compensation désign. 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,
actuatof!(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
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input and output signals on the lines 100f and 100qg,
respectively, will depend on the number of signal processors
used ;nd the functions performed by each. |

In particular;,- the poéitioh feedbéck 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
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as a classic proportional—integrél—derivative (PID)
controller. The position feedback compensators 104, 106, 108,
110 and 112 include a proportional gains means 120, in
parallel with an integrator means 122 and an integral gain
means 124, and further in parallel with a differentiator means
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 Eq. (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,
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represented mathematically by the Laplace transfer function of
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 irregularity 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.
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As shown, the position feedback controller 104 includes a
proportional 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 time
constant tp controls the frequencies where static feedback is
cut off. 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.
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2. Accelerometer Feedback Compensators

The local-to-global accelerometer coordinated controller
202 can be implemented either by an analog or digital systenm.
If implemented digitally, the same processor of Figure 7 can
be used to carry out its functioﬂs 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 aléo 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

M(8) =~ r7ia) (E2*s+1) (Ears+D)

- 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
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embodiment, tl1 would be set around 10 seconds to limit the
effects of accelerometer drift (effectively representing
integrating action with a first-order high pass filter), and
t2 & ta might have values around 0.005 to 0.04 seconds which
add roll-off in the vibration feedback loop to enhancé 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 FCyuar FCpyas
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.
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3. Single Axis Analysis of Coordinated Controller
Using Accelerometer Feedback

It is important to note that while the design of classic
magnetic bearings use only position feedback, the design of a
coordinated controller for an elevator application permits the
use of accelerometer derived feedback, which can ephance
performance and reduce cost. This is bécause 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.
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In the desired elevator system relatively high static
spring rates in the bearings must be achieved. The necessary
minimum rates are on the order of 300 N/mm for the front/back
(£/b) bearings and 400 N/mm for the side/side (s/s) bearings.

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 ﬁagnetic bearings may be

.permitteq 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 ié
H= (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 contrqller 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.
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Force units are Newtons. The variable ks is computed as m *
w2, where w, = 2 * m * fo for the example. The position
feedback filter has a time constraint tp = 30s. The gain of
the position feedback filter kp is a parameter. The addiﬁioh
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
p051t10n versus time graph when a 100 N step 1s applied. This
provides an opportunity to examine 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 shoﬁ'
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)

This Sheet Has Been Re

T




\\

S 3k
REPLACED =N

35

response from force input to position output. The inverse
closed-loop response is the spring rate of the bearing in
N/mm. The constants kp = 500 N/mm and other parameters are
the same as used previouély. The open-lpop (OL) contfol
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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lag filter, and the controller dérived from H and a dual lag
filter at 10Hz is shown in Figure 16(c). The breakpoint
frequency shown could also be moved lower. 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 Figiure 13.
Stability is not compromised, but aﬁility 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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A comparison of performances of coordinated controller
using acceleration feedback and coordinated controller not
‘using acceleration feedback indicates that the use of
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
acceleroqeter 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 feedbac£ of both

integrated and proportional accelerometer information. This
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provides inertially-referenced damping plus mass augmentation

by electromechanical feedback.

D. Force Coordinator 300
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 1 i :
T3 =| O 245" P 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.,
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translate-x, translate-y, rotate-x, rotate-y, and rotate-z)
and fed into the force coordinator 300 which utilizes the
force control transformation means 314. T3 mathematically
represents a 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
LCSyo, LCSy, LCSs.

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_of moment
acceleration feedback compensation signalé FCy,, FCy,s FCpu:
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
FCy,y FCuypsr FCuyps FCpyp and coordinated global force or moment
acceleration feedback compensation signals FCy,, FCy,, FCyy,,
FCyypar FCya, into corresponding local forﬁe coordinated confrol
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
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FCxpsr FCypr FCuzpsr FCuyp, FCup, and further respectively
responsive to the coordinated global force or moment
acceleration feedback compensation signals FCy,, FCy,, FCy,
FCuyar FCyue The summing circuits 302, 304, 306, 308, 310
respectively provided summed coordinated global force or
moment position and acceleration feedback compensation signals
FCxr FCyps FCumer FChyps FCyupae

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
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the six electromagnet pairs. It should be realized that other
types of drivers may be used for both electromagnet and other
types of actuators that may be used.

In general, the analog maénet drivers 140, 142, 144, 14s,
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 thé 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 elevatﬁr 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 uée reéundant sensing

and/or actuation.
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V. DYNAMIC FLEX ESTIMATOR 400

In general, there will be a étatic twist in the elevator
car frame such that the front-to-back gaps f£/b are not planar,
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 showq 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 =(01a0 -e] [T] {Gy} -..... Eq. (7)

Multiplying out these matrices, one gets in equation 8:
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Y0 = [T;] {Gp} ccecceccoveccsess Ed. (8)
where . T, = [001 -1 1].

A measurement of the static deformatién at the y, axis, vy,
bias, is estimated from fhe 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 eqgualize 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
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CCyu» Ccﬂ, CC,, CCp, CC,;. For example, the local force
coordinated controi signals can include a sixth control signal
CC,, generated for the guide head 40. This approach utilizes
all six force generation electromagnet 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:

rel

-100-a"C'Xc'
X2 10 0 b -c Yo
vif_fo1 a o djlg
Yz 01-b 0 d 9
v3| |[o1-b o -e||”
Y4] |01 . a O -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 coecevesecssesss 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:
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B= (AA)MA" ..cevences Eq. (13)
See Gilbert Strang, "Linear Algebra And Its Applications",

Academic Press Inc., 1976, pp. 106-107.

For this specific case, this results in the following:

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
245 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.. e Eq. (14)
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where T3 is a transformation defined as:

cc,]
cc,, Fx
cc,, By
= [T3] |Mx
cc,, 1y
cC,, Mz]
_C'C'y4_
and
1
0, = (71 1;2
0
¥ Y3
.ez J 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 préviding a biased
local force coordinated control signals CC,’, which drives the

analog magnetic driver 150. In a system that did not include
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a dynamic flex control, the additional local force coordinated
control signals CC, could also be coﬁpled directly to the
analog magnetic driver 150.

As meﬁtioned above, the coordinated control system may
also be used in other active guidance systems such as elevator
systems having an Active Roller 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.
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APPENDIX

¥onedofl.m -

$¢ C. A. Skalski 12/2/93

% preliminary design of magnetic bearing

% mass is in tonnes, linear dimensions in mm, force in Newtons
clg . '

m=1 ; % mass in tonnes

fo=1; % natural frequency

wo=2*pixfo; .

ka=100;% acceleration feedback gain.

ta=10 ; % acceleration feedback lag time constant

£p=30; % position feedback lag time constant

k€=input('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) *ks+kp*ta), kp+ks}];
Hdenl=conv((ta 1],(tp 1]);

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) ;

‘ang=(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])
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APPENDLX (continued)

$axis([1, 10, 20 ,20])

grid

title('OL-Gain (N/N) and CL Inverse Gain (N/mm)')

ylabel ('GAIN (dB)‘')

xlabel (' FREQUENCY (Hz)')

refline=-180*ones(length(£),1);

subplot(212), semilogx(f,ang,f,angc,f,refline,’'-~',£,~refline, '--"

$axis([.1,100,-360,360])
axis([.01,100,-400,200])
grid

title('OL and CL Phase')
ylabel ('PHASE (DEG)').
Xlabel (' FREQUENCY (Hz)‘)
% .
figqure(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
?ub?}ot(zlz), semllogx(f angh £,anghmod, £f,refline, '--!,f,-refline,
$axis([.1,100,-360,360])
axis([.01,100,-200,200])

grid

title('Phase of Compensators H and Hmod *)
ylabel ('PHASE (DEG)')

xlabel (  FREQUENCY (Hz)*')
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WHAT IS CLATMED IS:

1. An elevator system including an elevator car (12)
having a frame for operating on guide rails of an. elevator
shaft of a building, comprising:

local parameter sensing means (14), responsive 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 (CC,, CCg, CCyy, CCy» cCys), for
providing coordinated local forces (Fy, F;, F,, Fp, Fy) 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-to-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.
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2. An elevator system according to claim 1, wherein the
coordinated control means (16) includes a position feedback
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) -
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5. An elevator system according to claim 4, wherein each
of the position feedback compensators (104, 106, 108, 110,

112) is a proportional-integral-derivative controller.

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,).
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8. An elevator system according to claim 7, wherein the
local—~-to—~global accelerometer coordinated controller (202)
includes accelerometer feedback compensators (204, 206, 208,
210, 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]

&



W

54

11. An elevator system according to claim 10, wherein the
global-to-local force and moment coordinated controller (300)
includes summing circuits (302, 304, 306, 308, 310),
responsive to the coordinated global force 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).
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14. An elevator system according to claim 1, wherein the

gap measurement means (14) includes at least one non-contact
position sensor for measuring air gaps between the frame of

the elevator car and the guide rails, and for providing the

local gap measurement signals.

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).
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18. An elevator system according to claim 17, wherein the
dynamic flex estimator means' (400) includes a subtracting
circuit (168), responsive to the estimated rigid body position
signal (Y,est), and further responsive to a measured rig:id body
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) .
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21. An elevator system according to claim 2, wherein the
elevator system further comprises a learn-the-rail system 80,
including rail map means (80), responsive to a scalar vertical
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.



