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INTRODUCTION

Knowledge about the transfer function and the feeqy behaviour for elevator systems is of
interest for several aspects. For example, to apalye sensitivity of the cabin to specific
frequencies, which may causes mechanical and acalugibrations and thus results in discomfort.
In addition the frequency behaviour is of high et while applying control algorithms for active
vibration suppression or cabin position control. [Due to the different suspension rope length,
depending on the cabin’s position, the transferction is time-varying during the travel on one
hand. On the other hand it depends on the cabaykad. Existing literature concentrates on the
frequency response analysis lower than 20 Hz [Bjleathis paper concentrates on methods and
measurement signals which are precise enough ¢ondigie the frequency behaviour up to 100 Hz.
In addition a wide range of elevator constructi@xssts, which differs for example in roping,
number of rope pulleys or the location of isolatelaments. For the model validation of numerous
elevator constructions a method is needed, whichi beaeasily applied to many elevators and
preferably does not need additional measuremesbs&n

At first, this paper describes different measurempassibilities and input shapes for the
identification process. It is analysed which inaud output signal produce meaningful transfer
functions and how they can be compared to eachr.offfeerwards the different identification
methods are described, which is followed by thecdpson how the experiments have been
conducted at a real elevator. Finally, the freqydrehaviours are discussed, which are obtained at
a low-rise elevator for different cabin positiomslgayloads.

METHODSFOR SPECTRAL ANALYSISIN ELEVATORS

Determining the frequency behaviour it is of spedifterest to know the resonance frequencies of
the system. While the resonance frequencies applthe whole system, the peaks of the transfer
function depend on the chosen input and outputsgmhus meaningful signals have to be chosen
to ensure that all system resonances are représentbee transfer function. It is advantageous to
use excitation and measurement signals which aemdy} available in the system and thus
determining the frequency behaviour may be conduictenany elevators, easily. This is especially
important, as elevators are constructed in marfereéifit ways concerning the roping, rope pulleys
and the position of spring elements, which resultifferent frequency behaviour.

In state of the art elevators, often permanent mtagrachines with a frequency converter
and a position encoder with sine/cosine tracesuaeel. Thus, the currents, voltages and traction
sheave position/velocity are available in a higacmmion and in a high frequency. In this paper the
set current 4 is used for excitation, while actual currégi, and actual rotational velocity, are
evaluated to determine the frequency behaviouhefdevator. This dependence is shown in the
block diagram of figure 1 and for the modellingtbé mechanical system the reader may refer to



[1]. If other measurement signals are used, elginoar counterweight acceleration [2], additional
sensors are needed as they are usually not imstallelevators. The data of different sensors also
have to be accurately synchronized as otherwisedlailation yields a wrong transfer function.
This is with less effort ensured for the currendl &raction sheave velocity measurements, as both
are captured by the frequency converter.
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Figure 1: Overview cascaded control structure

Several Methods for the identification of the trf@ngunctions in the frequency or time domain
exits [3]. In the following the frequency respormealysis (FRA) with a pseudo random binary
signal (PRBS) as excitation is described. In addithe excitation with a single discrete frequency
and the evaluation with the orthogonal correlatitethod are considered.

Transfer functionsin elevators

In literature transfer functions with different uipand output signals are analysed which makes it
difficult to compare the results. In addition, ésk meaningful input and output signals are chosen,
the peaks in the transfer function do not repregensystem resonances. In [1] the transfer functio
Gac tmotfrom motor torqué ot to car acceleratioac is used, which is, except for a constant factor,
the same likeGrc Fmot from motor forceFn,: to car forceFc [4]. In the following and in [5] the
frequency behaviouG,tmet from motor torqueTmo to traction sheave angular velocidy: is
regarded. Furthermore, in [2] the transfer funct@&u ,r from traction sheave velocity; to car
velocity vc is used.

In this section the similarities and differences tbé transfer function are showed up, while
analysing the poles and zeros of a simplified 3smaedel. The equations are described in [1][4]
and yield the following differential equations whiare solved via the Laplace operator

Fe =meac = (vr —ve)De + (xr — x¢c)Cc (1)
_ mg(dcs?+ccs)
- FC - (Sz+d(;S+Cc) (vT) (2)
_ mew(dews?+ccws) _
- Few = (s2+dews+eomw) (=vr) (3)

Heredc=Dc/mc, Cc=Cc/mc, describes damping and spring constant of the oopthe cabin’s side.
Indices cw represent the variable on the counterweight sklethermore x and x are the
displacements of traction sheave and cabin.

Via the relationFc=mcAxS, equation (2) yields the transfer function listedeiquation (4) from
traction sheave velocityr to car velocityc.

= vc_ _(dested)
GvC,vT(s) T v (s2+des+cc) ?
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This represents the differential equation with éatwelocity excitation at the traction sheave. Then
the parameters of the counterweight's side havanmmact on the resonance frequencies. The
behaviour is equivalent when the brake is closatithae cabin is excited. With the forced velocity
excitation and elevators with compensation ropes ¢bhunterweight parameters influence the
transfer function only via the compensation shehegever not via the traction sheave.

Equation (5) results from equation (3), if the ti@mac sheave is excited via the motor torque. Via
transposition of equation (5) this yields the fumeiG,,mmos Which is displayed in equation (6).

Here the static forces due to gravity are negleatati only the d’Alembert forces which influence
the frequency behaviour are considered

w _ L( _ mew (dews?+cows) w2 — mc(des?+ccs) 7"2) 5)
act S]T mot (SZ+dCWS+CCW) act'T (Sz+dcs+Cc) act'T
_ Wqcet _ V7 __
Gw,Tmot(S) = = =

Tmot rTTmot
1 ( (SZ+dCWs+ch)(SZ+dCs+Cc) ) (6)
sit \(s2+dcws+cew)(s2+dcs+ec)+mewrE (dews?+cews) (s2+des+cc)+meré(des?+ccs) (s2+dews+cew)

Out of this also the transfer function between mdboce F,:to car forceFc is derived in the
following equations

v
Gur(s) = 2 7)
V¢ _ VT V¢ _ _Vr Fc . _ F¢
- Gw’T(S) vr TTTmot VT 7#Fmot s Mcvr with Ve = smc (8)
F
- GFC,Fmot(S) = meyt = Gw,Tmot(S) : GvC,vT (s)-s 7'77VC7"7g (9)

As visible from above equations the transfer LTS Grc FmotaNd G mot@re dependent also on the
suspended masses and the elasticity of the suspertgies at the counterweight side. Looking at
Grc Fmot (€0. (9)) it results, that the poles frdBoc vt (eq. (4)) are cancelled via the zero<Qfrmot
Thus Grc Fmot has the same denominator and poles Giamo; however slightly different zeros.
Therefore the resonance frequencies are the saimée antiresonance frequencies differs. In
comparisonG,c,r has different poles and respectively resonancesh We forced velocity
excitation the counterweight’s influence over thaction sheave to the cabin is not considered.
Thus the functiors,c yris only meaningful for a part of the elevator syst

Frequency Response Analysis

Most identification schemes are only valid for st functions which are time-invariant during the
identification process [4]. This requires in eleratthat the cabin stays at the same position, as
otherwise the transfer function changes [1]. Thigniification cannot be performed during higher
speeds and only small motions around a constamh gaisition are allowed. Therefore the static
and coulomb friction influences the transfer fuant[1].

For the frequency response analysis the elevatstersyis excited by the torque generating set
currenti*q with a pseudo random binary signal (PRBS), whielgibning is shown in figure 2. In
this paper the sample tinTg has been chosen to 1.008 ms, which results wetlSttannon theorem
in a frequency range up to 496 Hz. Additionally3bit PRBS is used, which results with equation
(20) in a measurement time for each sequence 6f<8.RPuring this time the PRBS is uncorrelated,
which is a mandatory requirement for the frequemesponse analysis [3]. Afterwards the PRBS is
reiterated several times, to obtain a less noisylteThis has a frequency resolution of the transf
function of 0.12 Hz as displayed in equation (11).

Tv = (28-1)1.008&3% s = 8.26s (10)
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fres= 1/ Ts = 0.12 Hz (11)
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Figure 2: Pseudo Random Binary Signal

The spectral densitie,y (f), S (f) are determined while calculating the cross/auexspl density
between input signal and output signafl. Then the transfer function is given by equatia?)(1

G(f) = Suy )/ Su() (12)

For determination of the open loop transfer functimm actual motor torquén; to actual speed
wact the velocity controller is set to a low bandwidth avoid influence from the feedback. In
equation (12) the input signalis represented by the actual currgnt, while the outpuy is wact
With this procedure the non-parametric transfercfiom G(S)=wac(S)/Tmo(S) is obtained, where
motor torque is given for permanent magnet machiyeE,.:=C - i_Gc The transfer function in
equation (12) has complex numbers, thus a commagrtavidlustrate the frequency behaviour is via
bode plots, which display the absolute value arasph

For evaluation of the calculated transfer functithms coherence is chosen as assessment criterion
and given in equation (13).

¥ = 1Sy AP 1 (Su () By (D) (13)

If the system has strongly linear dependence, thercoherence equals one. Otherwise it is less
than one, which occurs also at the location ofmasoe frequencies [4].

Orthogonal Correlation Method

The orthogonal correlation procedure may be usedei@rmine the frequency behaviour and
excites the system with single frequencies viana $unction [3][6]. In figure 3 the scheme of the
method is displayed with the amplitude of the setent( which excites the single frequenty
The system is excited using a sine signal durirgnieasurement timém. With this estimation
method the real and imaginary parts are obtainethétransfer functions

Gy(S) = wac(S) /T (S) (14)
G(S) = iqac(S)/ T o(S) With s=j2xf, . (15)

Out of these the complex transfer function betwaenal current to actual speed is givend(g)=
Gi(s)! &(s) and the gainG| may be calculated vigGi(s)/ G(s)|. This is reiterated for several
discrete frequencies and the data is added tcethéting bode plots of previous section. Also here,
the velocity controller is set to a low bandwidthdescribed in the previous section.
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Advantageous of the orthogonal correlation mettsothé concentration of the total energy of the
excitation signal to one frequency. This yields enaccurate results, especially if non-linearities
like friction or quantization inaccuracies are s In contrast the energy of the PRBS is
distributed over the whole frequency range and gach single frequency is less excited.
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Figure 3: Scheme of orthogonal correlation

EXPERIMENTAL SETUP

To apply the tests to many elevator constructitims experimental setup should be easily installed.
In figure 4 the general setup is shown, where teegator controller is unplugged and instead a
dSPACE box is plugged to the CAN-buses. The boxrotsnthe frequency converter via the first
CAN-bus for slow signals - e.g. initiating, operakes, cabin position, load sensor signal or set
speed. It also provides via the second CAN-buddbkesignals, like the set current excitation and
also the captured sensor data from the frequenoyecter is exchanged. The captured data is
offline processed and then the transfer functiacalsulated.

CAN1 — 100kbit/s (Load signal, drive signals for converter, etc.)

dSPACE CAN2 - 1000Kbit/s frequency P

(Controller, converter
PRBS, capturing) lyset

qact H=10.6 m
Wt RSN

A

=
AN
WY

| H=53m

1./ H=om
Safety Chain g

Figure 4: Experimental setup

The basic safety is ensured via the safety chamg¢hwis coupled to the frequency converter. It
would stop the drive, if e.g. the elevator wouldwado the end switches of the shaft.

The test elevator used in this paper has a trasighhof 10.6 m, a 2:1 roping and a maximum
payload of 450 kg. Further parameters are listddbie A.1.
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EXPERIMENTAL RESULTS

The experiments have been performed for differabtrcpositions and loads. In figure 5 the results
are shown for different cabin positions, while tha&yload is held constant at . 7180 kg. The
distance in meters has its origin in the bottonorf|aeferring to H=0 m. Therefore, the distance
9.6 m is shortly below the top floor, which is lbed at H=10.6 m. The first resonance frequency at
5 Hz stays constant for this elevator. The secasorrance is also distinctive and increases with
lower cabin position. The reason is found in therskuspension ropes between counterweight and
traction sheave when the cabin is in bottom pasitichis results in a very stiff coupling between
counterweight and traction sheave. This couplingtiffer than the coupling when the cabin is in
top position as the cabin is additionally isolated the cabin springs. This behaviour is also
confirmed by the theory of a simplified three massdel, while looking at the poles of the transfer
function (eq. 6). If typical parameters are insgfiteresults in a higher second resonance frequency
when the cabin is in bottom position and the couveeght is not isolated with additional springs
applying to this test elevator.

Further resonances occur above 30 Hz and varygdyravith the cabin’s position. Mainly the anti-
resonances or the zeros of the transfer functiamg the location, which thus may eliminate or
reduce the peak of a resonance. Especially, thissiisle for the cabin in top position and the ffirs
resonance.

L —Cabin;in top f;Ioor (;9.6n‘”|) |
Cabin in mid floor (5.3m)
10t — Cabin in bottom floor (Om) A
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Figure 5: Bode plot for different positions: |G&)|oac(S)/ Tmod(S)|; S=jaf

Looking at the frequency range up to 10 Hz thedi@nfunction of the elevator with cabin in top
position is much noisier than in bottom positiorerél the reason is a higher friction of the cahin i
top position, which is also visible in the cohererstiown in figure 6 (b). It drops significantly in
this range, indicating the non-linear relationshijpe strongest friction is caused between guide
rails and cabin as well as between the guide amits counterweight. For this low-rise elevator this
influence is stronger as guide shoes are used antbvbe smaller, if roller guides are installed.
Additionally, friction occurs at the traction sheaghaft and also for the rope pulleys at the
counterweight and cabin.

The main reasons for the influence of the frictawa the identification schemes, which are valid for
transfer functions which are time-invariant durthg identification process [3]. Time-invariance in
the elevator system requires that the cabin stalseasame position, as otherwise the rope length
changes and thus the transfer function (see figlwr& herefore the identification cannot perform
during higher speeds and only small motions araumdnstant cabin position are allowed, which
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constant frequency content at zero Hertz, howewefarn the other frequencies. Therefore the static

constant force in opposite of the direction of &lawhich results only in a different value for the
and sliding friction influence the identificatiomgzess.

thus causes in static and sliding friction. Durihg travel, for non-zero speeds, the friction cause
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Figure 6: Transfer functions G(S)sac(S)/ Tmol(S); S=jzf
crosses. In general the crosses fit very well @nttansfer function estimated by the FRA. Small
differences occur in figure 6 (b) at 20Hz, where pieak is directly located at a resonance anceis th
reason for the deviation. As expected, it is alsible, that the small deviations occur when the

In figure 6 andfigure 7 (a) alsothe results of the orthogonal correlation are mankgh the grey
coherence drops.

it shows the same io#lahips like the gain and the effect of

While looking at the phase

which is visible at the gain. Hegre the phase indicates even more clearly this

resonances is apparent. Especially, this is visibkgure 7 (b), when the payload is removed and

thus the first antiresonance occurs at a highguiacy. This results almost in an elimination @& th

first resonance,
elimination and only a small rise and drop in phaseurs between 4 and 5 Hz
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feedback compensatipliEEE Transactions on Industrial Electronics, gf.,91-99, (2000).

spring stiffness or rope pulley inertia. The resuttay be also used to validate simulation models
[2] Y.M. Cho,

behaviour is obtained for several cabin positiom$ payloads. Both methods give meaningful and
and thus enable the optimization of elevators diyea simulation.

This paper describes two methods to obtain theuéneqy behaviour for the vertical motion of
also very similar results.

elevators. The sensor signals are chosen by mdamsaiability in standard elevators and yield
accurate results up to 100 Hz. The methods areiegbpit a test elevator and the frequency

Now, the results can be used to reduce vibratiohgewoptimizing mechanical parameters like
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APPENDIX

m, [kg] 585| Cabin mas

m. [kg] 450 Maximum payloa

Mew [KQ] 765| Counterweight ma:

H [m] 10.6| Travel heigh

Jae [kg M2 0.18| Motor + traction sheave iner
rge [M] 0.22| Radius traction shea

¢ [Nm/A] 22.7| Motor constar

U 2:1| Ropinc

N 6| Number of rope

Diope [MM] 6| Rope diamett

Table A.1: Parameters of test elevator
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