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Taman diplomityoén tavoitteena oluoda dynaaminen simulaatiomalli KONE MXarjan
hissikoneistosta Simulirkmpéaristoon. Parametrinen simulaatiomalli voi toimia osana
hissin digitaalista kaksosta, johon pyritdéan peilaamaan kaikki hissin oleelliset omimdjsuud
kayttaytyminen ja data. Mallinavoitteena olimy6s mahdollistaa sellaisten suureiden
saaminen ulos iBwlink-ymparistosta joita ei fyysisilla antureilla voida mitatd.isaksi
mallia tulisi mahdollisuuksien mukaan kyetd simuloimaan reaaliajassa, jotta
virtuaaliantureiden ja digitaalisen kaksosen kaikki hyddyt olisivat mydhemmin
saavutettavissa.

Malli perustuuyksinkertaistettuun viiden vapausasteen jguassavaimennin-systeemiin.
Vapausasteet ovat staattorin pystysuuntainéke,li staattorinkulmaasennon muutgs
roottorin pyorimisliike, hissikorin pystysuuntainen liike sekd vastapainon pystysuuntainen
like. Liikeyhtalot johdettin Lagrangen menetelmélla ja mallinnettii Simulink
ymparistéon, jossa liikeyhtaldideheratteend kaytetti roottaiin vaikuttavaa vaantoa.
Liséksi Simulinkmalliin tehtiin ohjaus nopeusreferenssin perusteella.

Mallin verifiointi suoritettiin vertaamalla sen vastetta mittauksista saatuun davhitut
suureet bvat roottorin kulmaasentga pyorimisnopeus seka hsgorin paikka ja nopeus.
Tulokset di vat mittauksista saadut fyysisen hissin vasteet kolmella eri kuormituksella seka
mallin simuloidut vasteet saman heratteen vaikutuksesta. Lisdkais¢tle vasteelle
piirrettiin kayrattodellisenvirheen suuruudelleeferenssista

Kokonaisuudessaan SimulimRalli toimi hyvin, liikereferenssin seuraaminen onnistui ja
absoluuttinen virhe oli suuruusluokaltaan todella pient& koko lilkkerataan verratiséiesi
mallista saatiin ulos myds dataa jota ei fyysisestd hisspidsta mittaamaan.
Simulaatiomallille 16ytyi my6s useita parannies jatkokehitysehdotuksia joiden avulla sita
voidaan kehittaa tarkemmaksitjattyihin tarkoituksin sopivaksi.
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The goalof this thesis was tareate a dynamic simulation model of a KONE Meties
hoisting machinery in Simulink. The parametric simulation madel act as a part of the
elevators digital twin, which is aimed to mirror all relevant properties, behavior and data of
the elevator. A goal of the model was also to enable the extraction of such quantities from
Simulink that cannot be measured with phgkgensors. Lastly the model should also, if
possible, be able to simulate in real time in order to eventually obtain all benefits that virtual
sensors and digital twins have to offer.

Model is based on a simplified five degieefreedom masspringdamper -system. The

degrees of freedom are stator vertical movement, stator rotational movement, rotor rotational
movement, elevator car vertical movement and counterweight vertical movement. The
equations of motion were der ielled th Simdinkng L ¢
where the input used for the equations of motion was torque applied todheAlst the

input to the Simulink model is in a foraf speed reference, in order to enable speed control.

Model verification wasperformedby comparing itsresponse to measured data. The
measured quantities were rotorgleandrotationspeed as well as elevator car positand
speed. The resultgere responses obtained from measuring the physical elevator with three
different loading cases, as well as siaiulg the model responses with similar conditions.

In addiion to that all plots alsmmclude actual error frorthe reference signal.

Overall the Simulink model behaved as expected, it was able to follow the sfexedce

and the absolute erraragnitude was minor compared to the movement trajecédsy the

model was able to output data that could not be measured from the physical elevator. In
addition to that several improvement and additional development ideas were found for the
model that cabe used to improve its accuracy and suitability for various tasks.
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1 INTRODUCTION

Digital twin is a digital model or simulatiathat replicates physical counterpart, such as a
part, a product,a manufacturing process or a plant. It uses all available relevant data,
previously obtained or gathered réiahe, to mirror the current statd the physical twin.
Digital twins have emerged in the2@entury. The ten itself was introduced in 201y
NASA andfurther defined in relation tantustry 4.0and manufacturing in 2018Negri,
Fumagalli & Macchi 2017)

Digital twins arepartsof cyberphysical systems (CPS). CPS consists of the virtual part that
is the digital twin, physical part which is thiher twin, and layers of sensors and networking
to support the operatioA.concept image is shown kigure 1.The benefits of these systems
originate from ideally having all parts connected in-teak, allowing them to operabmsed

on each a(@HAlE Gupta & Mabuisi 2018)

Since the digital twin is essentially mirroring the state if the current twin, it can be used to
introduce different operating conditions that might not be feasible with the physical
counterpart, and the responses casilmellated without the need for physical changes to the
system. Such analysis can be applied for example in fault injection, lifecycle amalgsis

predictive maintenance. (Negri, Fumagalli & Macchi 2017)

Digital | -
Twin L=

Digital Master:
Databased
¥ | &
~_ Optimized

Digital ;hadow &
PR~

Production System Data Layer Information & Optimization

Figure 1. Digital twin in a cyoer-physical systenconcept. (Rodic 2017)



1.1 Background

The motivation for this works comes from KONE, as having a comprehensive digita tool
sort of a replicate of their produetpuld be a significant aid in R&D fields such as sensor
development, condition monitoring and fault simulation. This would allow them to avoid
creating individual hardwasm-the-loop simulations for each component, and instead plug

the desired componerit#o a complete twin.

Sincethe digital twin project at KONE is only in the starting phase, they are experimenting
with various different angles that could be used to approach the coDoepof the options

Is a parametric, dynamic model of an elevadgstem that can be used to simulate the
behavia of various machine configurations, and aisolude virtual sensors tharovide

information obtained from the model that is not physically measurable.

For this project the model is constructed in MATLABABIINK. This brings several benefits

in addition tothe softwarébeing already in use within KONE. Block diagrams in Simulink
allow viewing and plotting of each signal that is present in the model, as well as having real
time capabilities that are desitabwhen mirroring a physical system. MATLAB and
Simulink also have wide interfacing capabilities which allow expanaittyconnectinghe

various digital platforms.

1.1.1 Digital twin

Digital twin as a concept has several different descriptions in literature, instead of a single
specific definition. Mostlythere is an agreement in the literature that the digital twin is a
digital object mirrored from an identical physical object. Thalsiects should also have a

method of communication that links the data from both objects to each other.

According to Tao et. al. (2017) a generally accepted definitioas given byGlaessegen

and Stargel in 2012: digital twin is an integrated rapiftyscs, multiscale, probabilistic
simulation of a complex product and uses the best available physical models, sensor updates,
etc., to mirror the life of its corresponding twin. Meanwhile, digital twin consists of three
parts: physical product, virtual proctiiand connected data that tie the physical and virtual

product .
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According toHehenberg & Bradley (2016) The vi si on of the Digit
comprehensive physical and functional description of a component, product or system,

which includes more or less all informatiovhich could be useful n  a | | l i fecycl

It should be noted that the cybenysical system and the digital twin within it should focus

on only the relevant informatiorNot all available data, aaccording to Hehenbg &

Bradley (2016 he vol ume i s “huge, di verse and to
be stored in the existing IT systems and only relevant information should be extracted to the
twin. This in turn equires well defined architectute support dta flow. Also ifecycle

research often focuses on physical product instead of virtual model. Lack of convergence
between tk two data sources and isolated as welragmented data causes issues with
connedng the two.(Hehenberg & Bradley 2016)

Benefis of the digital twin can also be found in literature. Using digital twins in product
design can redudeme-to-market as well as provid@mulaion models, optimization tools
and development aid to where they may be neededeXample modifications cdre made

virtually to check the behavior of new systdiiehenberg & Bradley 2016)

Interest in digital twins is shown in the increasing number of recent publications studying
practical applications and proofs of concept for it imrection with suckconcepts as
Industry 4.0 and Internet of Things (IoT) as well as CompAiged Design (CAD). For
example Tao et. al. (2018) proposed digital twiriven prognostics and health management
for complex equipment such as wind turbines. Miller, Alvarez & idart (2018) suggested
extendingBD-CAD models with behavioral data to create a digital twin to achieve properties
that are currently hardly available in CAD models. Haag & Anderl (2017) developed a proof
of concept for a digital twin by mirroring a beam Hamg test machine and running tests
simultaneously on both the virtual mirror and the physical testing unit. Their digital twin was
first created as a CAD representation, then turned functional with multibody and finite
element methods to run bending tasigially. Moreno et. al. (2016) created a virtualization
process, functioning like a basic digital twin, of a commercial sheet metal punching machine.
They conclude that the twin could be utilized asdesign tool of optimaComputer

Numerical Control (GIC) programs.
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1.1.2Virtual/soft sensors

According to Shenghui et. al. (20I1)Vi r t u al Sensors (VS) are
exploit a set of available measurements to compute an estimate of a physical quantity of
I nt e Widualtsénsors are often cadl in literature also as soft sensors, referencing to
using softwareinstead of hardwarbased sensors (Fortuna et. al. 2007).

Virtual sensor can be implemented as either an additional real sensor, or only as a validation
method for the real sensors. feifence being that as an additional sensor, the virtual sensor

is included in the votevhen determining which sensor value is closest to the aangan

be latched in case of a failure in it. Problem with this is that as the virtual sensor might not
beas accurate as the real ones, some false alarms can be generated from it in case of sudder

changes in operatiofOosterom & Babuska 2000)

Virtual sensors can be useful in two ways. Firstly they are used to replace hardware sensors
to decrease botWweight and hardware costs of the application. Secondly they can provide
additional data compared to a physical sensor which often measures a single parameter.
Virtual sensor can use the data it monitors primarily to observe other parameters derived
from the original data as well.

Virtual sensors have been researched and applied in various lirgdwlar, Allemang &
Phillips (2016) suggested that they can be usedsfiimating frequency andamping in a
rotating system. Gutierrez et. al. (2016) studietlal sensors for determiningefjuency
response, deflection andests in a flexible structure. Shenghui et. al. (2011) developed a
sensor for ealuating vehicle sideslip angle without diremeasurement. Oosterom &
Babuska (2000) used a fuzzy model appitofor fwlt detection and adation in aircraft
sensors and Fortuna et. al. (2007) describes several industrial virtual sensor applications,
with tasks such asbgervation of emission levels, tank contents, product quality, chemical

concentrations, therahand mechanical stresseswell as line densities.

1.1.3Reattime simulation
Running simulations in real time means that each time step of the simulation is executed at
the same time as it happens in reality, in equal duration. In such case the simulation

progressesat a constant, predictable rate, meaning that results of-ameasimulation are
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evaluated based on not only what results wererddaand how, but also when (TimeSys
2002).This also means that the simulated system can be run in parafidbwexample a

physical systemand both can be observed simultaneously.

The challenges of resime simulation arise from the purpose that the simulation speed needs
to be optimized in a way that it would match the applicatiomeal time.This can le
achieved by for example choosing appropriate integration settings to speed @#biisgail

the model, or running the simulation with powerful enough hardware if avai(@op
2008,p. 2-13)

1.1.4 Elevatorhoisting machinery dynamics asgecifications

Previous researdund in literaturen the topi®f elevatordas focused primarilgn either
the drive modelling aspects suchetectric drive torque, curmg, voltageand vectorcontrol,
or the behavior andven teaching oflynamicsof the elevatorsart and the hoisting ropes
(Esteban et. al. 2016; Aharif et. al. 2014; Arrasate et. al. 208l 201}, with less

emphasigiven to modelling of the dynauos in the middle of thes#)e hoisting machinery.

This thesis focuses onANE MX-series hoistig machinesThe motos in thesehoisting
machinea areaxial flux machine. An axial flux machine is a variation of a rotating electric
motor. It has a stator and a rotor centered around the same axis. The stator is fixed to the
structure. Rotor is supped by a single bearing, and it also has the traction sheave attached
to it, as well as an encoder for measuring rotation angle and rotation speed of thénmotor.
this research relevant sensors that are found in the machinedygded encoders that

provide position and velocity data from both moéxis as well as elevator car.

1.2 Goals

The goals of this thesis were drafted in cooperation with KONE in order to ensure that the
final result matches their needs. The purpose of this thesis is to create a dynamic model of
an elevator hoisting machinery that could be used for simulating (pogsibeattime
depending on sensor data acquisition) the dynamic response of the system. It would also
serve as a starting point for a digital twin that can be built on and improved over time. The
model is created in MATLAB/Simulink to take advantage loé warious computational

benefits and ease of integration of other systems, as well as allow running the simulation on
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any computer that has MATLAB. Simulink also offers reade functionality if at some

point that is desired from the model.

1.2.1Research mblem

The current problem is that KONE is lacking a dynamic model of their elevator system.
While they have various models of several parts of their system, a Simulink model would
act as a buildingartfor comprehensive digital twin that can include alewant aspects and
data required in the R&D process. Also literature researghesis that there are very few
dynamic models of the hoisting machinery or d&s8aesearching them, whitesearch has
been conducted with electric drives, hoisting ropesedavator carts.

The main problem of this research is dynamic modelling of the elevator system, with focus
on the hoisting machinenanother problem is to include requirements from the digital twin
concept so that the model is compatible with them.tldeoblem is the implementation of
virtual sensors into the model, and lastly it is important to note the most significant

phenomena that must be accounted in such system, also when simulating in real time.

1.2.2Research questions

This thesis aims to answdret following questionddow does a dynamiSimulink model of

an elevator hoisting machinery behave when compared to a physical syStemitbe made
accurate and comprehensive enough to aid research and development, and is it possible to
implement virtuakensors into the model to obtain relevant data? And finally can the model

be simulated in real time?

1.2.3Hypothesis

Hypothesis of this research is that as a result a functioning dynamic simulation model is
obtained in Simulink and it can be verified withasonable accuracy. Also this research
should result in suggestions on how to improve and expand on the model to make it more

comprehensive.

1.3 Scope
The scope of this thesis is limited to creating a fairly simple dynamic model of the elevator

hoisting machery that candter be expanded intodégital twin. The modelling is done in
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Simulink. The model is verified usirexperimental data that is collected from measurements
during this researclBpecific product details such as hoisting rope propertiesiaking

dynamics are excluded from the research.
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2 METHODS FOR MODELLING AND M EASUREMENTS

This chapter focuses on first deriving the equations of motion for the hoisting machinery,
implementing them in MATLAB/Simulink and finally the methods useadviification of

the simulation model. The physical system must be analyzed in order to form the equations
of motion which can be used for simulating its behavior. The equations of motion can be
utilized in figuring out the systems response, for examplb mibdal, time domain or
frequency domain analysi&n overview picture oein exampldK ONE axial flux machine

is shown in kgure 2 and an exploded view withaxrple construction is shown ingere 3.

Figure 2. Overview of the systenfKONE 2001)
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Figure 3. Exploded view of the systertK ONE 2007)

2.1 Physical system

The system itself consists of four parts that are relevant in observing the dynamic behavior.
Firstly there is a frame that has the stator attached to it, this joint is assumed to bedixed
the whole framestator pair is assumed to be a single bodyithatipported by rubber pads
providing stiffness and damping into the part. The rotor is supported on a shaft by a bearing,
and an electromagnetic torque is applied to it by the statodér to rotate it. Hoisting ropes

are wound around thieaction sheavéhat is fixed on the rotor, and one end of the rope
moves the cart and the other andves the counterweight. In alIroping scheme the rope

is directly attached to thearton one sié of the sheave, and the same setup is dotieto

counterweighbn the otheside.Figure 4 shows achematiaiagram of the system.
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Figure 4. Schematiaiagram of the modelled system.

2.2 Modelling

The hoisting machinery in this case can be simplifitd a five degre®f-freedom spring
massdamper system. Inman (@D) describes two ways of deriving the equations of motion

for multiple degreeof-f r eedom syst ems, ichNigeavorcehases methedt h o d
(p. 29 and Lagr an gheis an emmg-baked chethwch (p. 3DO. Lagrang
method is suitable for systems consisting of both translational and rotational generalized

coordinates, and as such is also applied here in the case of hoisting machinery.

The five chosen DOFs are vertical movemdithe stator/frame combinatidry), rotational
movement of the stator/frane), rotation of the rotor/sheave combinatif), vertical
movement of the elevator cdrp) and vertical movement of the counterwei@h). These
will be represented bthefive generalized coordinates
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Simplifications are made into the system to reduce unnecessary information. Elevator ropes
are modelled as having stiffness well as minor damping in ordergase simulating the
systemandthe rope masses are lumpetb single points on the cart and the counterweight.

The bearing connecting the rotor to main shaft is assumed Fgetion between rope and
traction sheave is assumed to be large enough that no relative movement between them

OCcurs.

Cart and countexeight location shouldbe taken into account when modelling rope
properties, since the stiffness and mass of the rope on each side depends on the rope length.
It can be assumed that there igaar relationship between rope length and miserder

to damplify the modé the stiffness of the rope is calculated with the equation

Kk T P
where
k stiffness of the rope
E Young’s modul us
A crosssection area of the rope
L length of the rope.

2.2.1 Equations of motion

Lagrange’ s me-bdsen thethod, and as suemtlee firgt gtep is to form equations
for systems kinetic and potential energy based osd¢hematiaiagram. The equations are
written based on generalized coordinates chosen from the system clasrdepaesenting

the individual degrees of freedom. It should be noted that as the mechanism is li¢éing a
roping scheme, tangential velocity of the traction sheave, and thus velocity of the rope, is
approximatelyequal tothat of the vertical velocity ahe cart andhe counterweight, with

small fluctuations occurring due to flexibility of the rope

Lagrange’ s formulation can be written as (



E g -g+g:Q., 1j2=¢ ,n C
dtGy G @ -

where

ai generalized coordinate

G = (/G generalized velocity

T kinetic energy of the system

U potential energy of the system

Qi non-conservative forces correspondingjto

n number of generalized coordinates.

Kinetic energy of a translational system can be calculated with the equation @agigrmp.
26)

T =mx o

NI

where
m mass of the system

"CGe dx/dt  velocity of the system

and kinetic energy of a rotating system can be calculated with the equation (Inman 2001, p.
27)

1
T ‘EJGZ T

where
J mass moment of inertia of the system

—=d d / drbtational velocity of the system.

Potential energy of a translational spring can be obtained from the equation (Inman 2001, p.
25)
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U 1 kx®
where
k stiffness of the spring
X displacement from equilibrium

and potential energy of a rotational sproan be obtained from the equation (Inman 2001,
p. 28)

1
U = ked” ¢
2
where
ke torsional stiffness of the spring
d angular displacement.
Damping force proportional to velocity (Re
n n
1
F = G 9.9 X
r s
where
Crs dampingcoefficient.
Thiscan be i mplemented to Lagpenatvgfeces f or mul e
Q= @ 0
)

In case of the elevator hoisting machinery, five degrees of freedoinecobtained from the
schematiaiagram. Thus five generalized coordinateschiesen, each representing a single
degree of freedom. Following generalized coordinates will be applied in the system under

observation:
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1= X1 vertical translational displacement of the stator/frame

g2= 1d rotational displacement of the stator/frame

gz = d2 rotational displacement of the oottraction sheave
Qs = X2 vertical translational displacement of the elevator cart
Os = X3 vertical translational displacement of the counterweight.

Using these generalized coordinates the kinetic energy sithem becomes

1 -, 1 -, 1 -1 > 1

T = Mo+ §J1q2+ 532q3+ > Mol + 5 MGy w
where
M mass of the stator/frame
Ji mass moment of inertia of the stator/frame
J mass moment of inertia of the rotor/sheave
mp mass of the cadide
ms mass of the counterweigside

Potential energy of the system becomes

N P A | 5 1 9
U=Z kidp+ S kel + S Ka(Gy+ 05-0,)"+ 5 Ka(Cy 105+ 0) p
where
Ky stiffness of the stator/frame support
k2 rotational stiffness of the stator/frame support
ks stiffness of the ropes, cart side
Ka stiffness of the ropes, counterweight side

radius of the traction sheave.

-

Assuming that the damping forces are proportional to velocities, Rayleigh dissipation
function can be used to mode{307tdbreatan oftha s e d

damping coefficients and loalg at theschematialiagram in kgure 4 to conclude thatach
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of the spring and damper forces affect on the same coordinates, it can be assumed that the

stiffness and damping matrix are of the same form and that damgirgprtional.

Next step iIis to calculate the partial de

generalized coordinagind combine them into matrix forryielding the following resuilt

m O O 0 0 .oy
0 3 0 0 0 ‘o
0 0 J, 0 0 o4
10 0 0 mt+m ¢m 0 ",
ud 0 O 0 Me & My cL\{qSU’

1t CetCy 0 r(cCy)) -G G I’r\gll’l

O CZ 0 O O I,II qu,l

i) 0 rosre) T g T @yt

1] -C3 0 T g Cs 0 Q,y,
Uu ¢4 0 -r £ 0 (o] L{qsu»

rL<1"‘k3"'k4 0 r(ksky) ks kg 0 0o .
Il v 11

0 ko 0 0 0, %, iM-Mp g,
+11r(ks-ky) 0 I‘Z(k3+k4) -r K o-r J{’|IQ3|’|:IM+Mb all PP
1 -kg 0 ok ks O s 11-mpg i
TR 0 Tk 0 Kk WAV u mg U

where the right side of the equation in this case represgenisput torqueThe paraneters
of equation (1)lare listed in Table I'he equations of motion can be represented in general

matrix form
Mg+Ca+Kx = @ ( PG

2.2.2 MATLAB/ Simulink

The Simulink models based on thechematidn Figure5. It consists of a block diagm

with several specific parts. On the left side is the reference sifimalreference signal is

fed into the torque block after it has been connected to the negative feedback loop, i.e. current
velocity. The torque block combigestatic torqué,a calculated from the mass imbalance

on both sides of the traction sheaaed dynamic torqué calculated from the current

velocity error using the equation
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— Km ¥t e®a CTM

M ¥ po
where
M dynamic torque reference
Km motorspecificconstant
¥ ref speed reference
¥ act actual speed value
U time constant of the motor.

The torque referenceisfed inftoeé “ Equ at i o-bleck. Thik sinmulatesi the total
torque acting on the rotor. Possible outputs include position, velocitp@eleration of
each of the five DOFsas well as additional information suchrastor torqueforces, rope

masse and stiffnesses that are solved during the simulation.

] Equations
Velocity > »| Torque |=——p| of > Output
Reference motion

I Velocity feedback

Figure 5. Block diagramschemati®f the Simulink model.

In order to run the Siminlk model, all parameters must first be specified using either
MATLAB workspace or alternatively the file settings in Simulink itself. In tisjectthe
constants are loadediinthe workspace using m-script that contains all relevant data. All
varialdes that are not constants, so changing during the simulation, are wired inside the
Simulink block diagram to all necessary locations. Lastly integrator settings are defined in
the Simulink file settings. Tablg lists all parameterasedin this model.Simulations are

carried out using variabletep ode45solverwith a simulation time of 50.s
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Tablel. Simulation model grameters

Parameter Value

Gravity, g [m/s?] 9.81

Rope densityy [kg/m?] 7800
Young' s HmHPallul us, 210% 10
Rope crossection areal [m?] 5®0.0°=1 6210
Rope length beyond movement raniggjm] 5

Total movement length, ot [M] 49.7

Initial car side rope lengtlt,; [m] Lo=5

Initial counterweight side rope lengity [m]

Lo+Liot = 54.7

Stator+rotor massi [Kkg]

1750+604 = 2354

Stator moment of inertia; [kgm?] 175
Rotor moment of inertial, [kgm?] 65

Car massi [kg] 1350
Initial car side rope massy. [kg] J-AL1=61.3
Load massn three casesn. [kg] 0; 320; 665
Counterweight massyew [Kg] 2070
Initial counterweight side rope mass.w [Kg] }-AL2=670.2

Initial total car side massp [kg]

Mctmetme = 1411.3

Initial total counterweight side mass; [kg]

Mew+Meew = 2740.2

Traction sheave radius[m] 0.2
Spring constant correspondingdg ki [N/m] 1-40
Spring constant correspondingdg ko [N/m] 1-80

Initial car side rope spring constakg,[N/m]

2E-AlLi= 6 .76 -

Initial counterweight side rope spring constdafN/m]

2EAL= 6 .50 -

Damping coefficient corresponding ¢, c1 [Ns/m]

0. ORB 117 1¢(

Damping coefficient corresponding dg, c2 [Ns/m]

0. RE- 15 10

Car side rope damping coefficient,[Ns/m]

0. 0R816 .36

Counterweight side rope damping coefficientNs/m] 0. 06 ans.o
Initial static torque around traction sheaV¥gy [Nm] r-g(me-mg) =-2 . 63 1
Motor-specific constanKm, [Nmg 1-10

Motor time constantJ[s] 1-30
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2.3 Model verification

The specific machine that is used in verification measurements is-82Vikhe difference
between a simple axial flux machine and this machine is that th@2/xas two axial flux

motors facing each other, connected with the traction sheave. This cotbig@asows the

two rotors to act as one to improve the behavior of this larger machine. The stators connected
to the same base can also be assumed to be a single body. A picture of the actual system is

shown in figure 6.

Figure 6. Picture of the actuanachine.

Model verification datdposition and velocityis collectedfrom two encoders, one attached

to the rotor axle and the other on the top of the elevatocttal of three different load
configurations are testetload case 1 corresponds t&@ (0 %) load, case 2 to 320 kg (25
%) loadand case 3 to 665 kdq %) loadEach load case is tested using a specific reference
signal five timesQOriginaly measurements are conducted with a sampling rate of 200000

and the data is imported toAMLAB with a sampling time of 005 s.

These five data sets are averaged for each loadTaisas enough to obtain usable position
data, however the velocity signal has so much noise that fitielpverageelocity data

ses for each of the three load casmefiltered in MATLAB using one dimensional 180
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order median filter to remove largest disturbance spikas. correspond®tmedian over a

time frame of (b s.

These data sets are plotted against response plots obtained from Simulink using the same
reference signal as an input for the model. This allows comparison of the model and the

physical system response.

The used refera® signals are shown ingtire 7. They are obtained by first designing a jerk
reference curve that matches the desired travel path of the elevator. This jerk reference is
then integrated once for acceleration reference, twice for velocity reference and third time
for position referenceTade 2 shows design parameters of the reference signal. These

include maximum values for jerk, acceleration, velocity and displacement.

Table 2 Reference signal parameters.

Parameter Value
Maximum jerk,jmax[m/s] 1.84
Maximum acceleratiorBmax [M/] 1
Maximum velocity Vmax [M/s] 6
Maximum displacement,max[m] 497
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a) Jerk reference
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Figure 7. Reference signals

Figure 7shows that in order to achieve one displacement cycle of moving from zero to a
reference value and then back to zero, it requires two velogitgs in opposite directions.
These two velocity cycles then require four acceleration cycles, one for each nrotimeat

where velocity changemeaning the derivative of velocity i.e. acceleration, is not zero, and
specifically in the same direction as the change. Based on this the derivative of acceleration

signal, jerk, will require eight cycles in order to achieve the desired acceleratiocifyve

and therefore position signal.

b) Acceleration reference
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20 d) Position reference
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3 RESULTS AND SYSTEM RESPONSES

This chapter introduces results obtained from both the simulation model as well as the
experimental measurementsie correspondingesults are plotted in the same graphthad
they can be comparedlso, for dynamic responseis, each fgure the error from reference

signal B plotted for bottmeasure@nd simulatedignals.

Figure8 shows the static position respomsehe rotor inthe simulation model, obtained by
keepng the input signal at zero and plotting the response of the niRatel. angle changes
linearly from zero to-6 - 4 radians.Average velocity steady state errorlis 2 rad§.

Vel ocity response osci | |I%gad/e at thebegirmingaohthea mp |

simulation and decays almost completely during the first 15 seconds.

— — — -Reference

Angular position [rad]

-6 Response
_8 1 | | 1 | Il | 1 | ]
0 5 10 15 20 25 30 35 40 45 50
Time [s]
— 4 «1073 b) Rotor static velocity response
n 2
S
© — — — -Reference
— 2r Response
o
a 0 »—-, ———————————————————————
(7]
c
S 2f
8
s}
m _4 | | | | | | | 1 | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]

Figure 8. Static response of the moda).Position response. b) Velocity response.
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3.1 Loading case Ino additional mass

Figures 9 to 1resent theneaswed and simulated responsggh 0 % loading(0 kg) as
well as corresponding error sigig Figure 9 shows he measuredand simulatedotor
rotatiors when the elevator car wdirst driven from 0 te49.7 meters and then driven back
to the starting poinfThis corresponds tmtating the rotor fron® to-248.5radiars and back
as shown irFigure &

100 a) Rotor angular position, load 0%
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Figure 9. Rotor position response addference from referencat 0 % load

During the run largest measured errors occurred during rotor acceleratidecetetation
as shown in Figur@b. The measured signal is leading the reference during acceleration and

lagging during deceleratiorstarting from zero the rotor angle difference first fluctuates
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slightly before reaching a local minimum-0£29 radianstahe end of the first acceleration
phase. Then the difference progresses to opposite direction and reaches a global maximum
of 0.66 radians at the end of decelerating to the desired reference point, after which it returns
to a steady state. While at redace the steady state error iss@06 radians. While the
elevator is moved back to the starting point the measured rotor angle difference reaches a
local maximum of 0.37 radians after the accelerating phase and gradually progresses to
global minimum 0f-0.82 radians at the end of the deceleration phase before returning to a

steady state. After the entire movement cycle the rotor steady state edrdbisadians.

During the simulation the error accumulates over the run, with the error reaching a maximu

o f Bradia@safter the simulationsi complete as shown in Figure. ®Vhile the overall

shape of the simulated error graph is relatively straight, some dynamic behavior can be seen
in the plot. At the first phase of the movement cycle, dwsitggleration the simulated angle

is lagging behind the reference and the difference progresses slower, whereas during
deceleration the difference progresses faster. While systemgtettine starting point at the

second phase, these effects behave inppesite way.

Figure 1@& shows themeasured andimulated car position when the elevator car was first
driven from 0 to-49.7 meters and then driven back to the starting pbiating the run
largest measured errors occurred dudacacceleration andeteleration as shown kgure

10b. The measured signal is leading the reference during acceleration and lagging during
deceleration Starting from zero tlear positiondifference first fluctuates slightly before
reaching a local minimum 60.04 meteratthe end of the first acceleration phase. Then the
difference progresses to opposite direction and reaches a global maairGur® metersit

the end oflecelerating to the desired reference paifter which it returns to a steady state
While at referene the steady state error ishi66- mimetérd While the elevator is moved
back to the starting poihe measured car positiagifferene reaches a local maximum of
0.09 metersafter the accelerating phase and gradually progresses to global minimum of
0.11 meters at the end thfe deceleration phasand after that the system returns to a steady

state againAfter theentire movement cycle the csteady state error .02 meters
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a) Car position, load 0%
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Figure 10. Elevator car position response and error at 0 % load.

The simulated car position error is showirigure 1@. At the start of the run the difference
oscillates around?2 . 4% mefters with an amplitude of . 7* mefers, however this
oscillation decays completely withing the first two seconds of the siionlakfter the car

begins to move the difference progresses in a similar fashion to the car movement graph,
reaching a local minimum o# . O -nmaters before bouncing back slightly and staying
nearly constant for the duration of the reference steady. $téiten the car begins to move
again the simulated difference behaves similarly as while the car was going filstvn
descendig to a global minimum of4 . 2 -nmater$ before progressitgthe final position

at-1 . 1 -nmaters dxept that the final vaé is not a constant and instead the steady state

error keeps slowly increasing after the full movement cycle.
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Rotor rotation speecrksponseés shown in kgure 11 when theelevatorcar was first driven
from 0 to-6 m/s, then back to 0 m/s, then fromo0O6t m/s and finally back to O m/s. This
corresponds to rotor rotation speed-80 rad/s while descending and 30 rad/s while

ascendin@s shown irFigure 15

a) Rotor rotation speed, load 0%

N
o
1

Rotation speed [rad/s]
o

-40 1 1 1 1 1 | | | | |

0 5 10 15 20 25 30 35 40 45 50
Time [s]
] b) Measured rotor rotation speed difference, load 0%
)
S — — — -Reference
_g, 0.5 Measured
©
o)
(0]
Q.
(2]
c
RS
T
o)
[v'4
1 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
; c) Simulated rotor rotation speed difference, load 0%
)
3 — — — -Reference
g‘ Simulated
o
[0}
9]
Qo K e — — — — — — — — — —
]
c
kel
T
o
o
1 1 | | | | | | I I |
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Figure 11. Rotor velocity response and error at 0 % load.

Measured rotor speed differencerigure 1 shows some minor fluctuation in addition to
larger peaks that are associated with beginning and ending of acceleration and deceleration
phases, these are also the moments where jerk reference is not equal Theeaglobal

minimum and maximum values -0.70 rad/s and 0.69 rad#se located at times of 16.5
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seconds and 38.5 seconds respectively, this is when the measured signal is lagging behind

the reference as the rotor position approaches the desired level.

Simulated rotation speed difference showrFigure 1t has some oscillation during the
entire simulation, although the effect is significantly larger at the ataltmostly decays

before 20 seconds of simulation timkhe simulated difference is clost&r zero during
positive acceleration phases titnes of 1.75 seconds and 82e cond s , avoer agi
rad/s, and furthe& from zero during negative acceleratipimases starting at times of 10
secomls and 23.7S econd s, a viead/a. Gimulage roPatio@ spded steady state

er r or “ra/s dn.akrade,ahis is during the simulation times that the reference is zero

and the rotor is supposed to be stationary.

Car velocity response is shovin Fgure 12, where the elevator car was fitgiven from O
to -6 m/s, then back to 0 m/s, then from 0 to 6 m/s and finally back to.Orhissis shown

in Figure 12

The measured car velocitfferencein Figure 12 behaves similarly to the measured rotor
speed, with the difference that it hasttbaninor noise during the whole operation and
especially during acceleration and deceleration phases, but also that it has a large noise spike

at the end of the run just as the car is stopping at the final position.

The simulated car velocityifferencein Figure 12 behaves like the simulated rotor speed,
although it also has significantly larger oscillations both at the beginning of the simulation
as well as at the beginning of each jerk phase. These oscillations decay completely within

approximately Zeconds of simulation time.
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a) Car velocity, load 0%

— — — -Reference
5r Measured
e Simulated

Velocity [m/s]
o

0 5 10 15 20 25 30 35 40 45 50
Time [s]
b) Measured car velocity difference, load 0%

Velocity [m/s]
-

-2 ~ |— — — -Reference
Measured

-3 1 1 1 1 1 | | | | |

0 5 10 15 20 25 30 35 40 45 50
Time [s]
0.04 c) Simulated car velocity difference, load 0%
» 0.02
E
2 0
[&]
o
(]
> -0.02 — — — -Reference
Simulated
_004 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Figure 12. Elevator car velocity response and error at 0 % load.

3.2 Loading case 2, 320 kg additional mass

Figures 13 to 16how measured and simulated responses with 25 % loading (320 kg).
Corresponding error signadse alsashown in each figurelhe responses of this load case
are very much similar to those with no additional load and the plots are largely in same
shape, as they mostly only have slightly different sized error or slightly delayed response.

These effects are ngpared later in this chapter.

Figure 13shows the measureohd simulatedotor rotatiors when the elevator car was first
driven from 0 t0-49.7 meters and then driven back to the starting point. This corresponds to

rotating the rotor from 0 te248.5 radians and back as showikigure 12
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100 a) Rotor angular position, load 25%

i<l
o
= 0
o
2 100 |-
Q.
5 — — — -Reference
S -200 Measured
2 ————— Simulated
<
_300 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
] b) Measured rotor angular position difference, load 25%
<)
o
Q
(@]
C
< -0.5 - |— — — -Reference
Measured
-1 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
2 x1073 c) Simulated rotor angular position difference, load 25%
0 _____________________________________________
<)
82
Q<
D 4
< 6 — — — -Reference
. Simulated
-8 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Figure 13. Rotor position response and error at% load.

During this run largest measured errors were observed during rotor acceleration and
deceleration as shown iRigure 1®. The measured signal leads the reference during
acceleration and lags during decelerat®tarting from zero the rotor anglgference first
fluctuates slightly beforeeaching a local minimum eD.16radians at the end of the first
acceleration phasafter which itprogresses to opposite direction amdches a global
maximum of 0.73radiansas it approache® the desiredeference point, after which it
returns to a steady state. While at refereneestbady state error is at O.@tiansAs the
elevator is moved back to the starting point the angle diffeneraszhes a local maximum

of 0.55radians afteacceleratingndthenprogresses to global minimum ed.78radians at
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the end ofdeceleration before returning tosteady state. After the movement cycle the

steady state error stays-@tl7radians.

During the simulation the error accumulates over the run, withrtbereaching a maximum

o f Bradia@safter the simulation is complete as showifFigure 12. While the overall

shape of the simulated error graph is relatively straaglot similar to no load cassome
dynamicbehavior can be seen in the respore tiffers from the first casét the first

phase of the movement cycle, during acceleration the simulated angle is lagging behind the
referencemore than in the previous camed the difference progressagenslower, whereas

during deceleration the d@&rence progressesven faster. Theseeffects behave in the
opposite way when the system returns to the starting point at the second phase, also at a

slightly larger magnitude than in the first case.

Figure 14 shows themeasured andimulated car positiowith the cardriven from Oto -

49.7 meters and thepmackto the starting pointDuring the run largest measured errors
occurred during car acceleration and deceleration as showigure 14. The measured
signal is leading the reference during accelensand lagging during deceleratidstarting
from zero the car position diffence first fluctuates slightly, reach@docal minimum of

0.02 meters atacceleration, themrogresses to opposite direction and reaches a global
maximum of 0.13 meters déeleration before returning a steady state. While at reference
the steady state error is @78 1*@neters.When movingback to the starting poirthe
position differenceeaches a local maximum of O.afetersafter acceleratinggrogresses to
global minimum of-0.10 meters atleceleration, and after that theturns to a steady state

again. After the cycle the car steady state erred.@8 meters.

Figure 14 shows the simulated car position error. The difference oscillates in a similar
manner as in the first load case and also decays in a same time frame of 2 seconds. While
the car is moving the difference progresses in similar shape as the position gaaph bef
reaching a local minimum of4 . n@illimeters, bouncing back and returning to steady state
that hassome drifting away from reference. Going back up the difference first descends to a
global minimum of-4 . ndllimetersbefore progressing to the final sleed position of -

1 . ndllimeters where it also slightly drifts away from the reference.
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a) Car position, load 25%
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Figure 14. Elevator car position response and error at 25 % load.

Rotor rotation speedesponse ipresentedn Figure 15.There the elevator car was first
drivenfrom 0 to-6 m/s, then back to 0 m/s, then from 0 to 6 m/s and finally back to 0 m/s,
corresponding to rotor rotation speed-80 rad/s while descending and 30 rad/s while

ascending. This is shown kgure 1%

Measured difference ifigure 1% shows some minor fluctuation. Larger peaks, that are
associated with start and end of acceleration and deceleration, are also the moments where
jerk reference is not equal to zero. The global minimum and maximum wdh@g0 rad/s

and 0.68 rad/are Iacated at 16.5 seconds and 38.5 seconds respectively. This is when the

measured signal lags the reference as the rotor position approaches the desired level.
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Simulated difference shown Figure 1% has some oscillation during the whole simulation.
The osdlation is significantly larger at thbeginningand mostly decays before 20 seconds
of simulation timein this case tooThe simulated difference is closer to zeroile speed
changesaftertimes d 1.75 seconds and 32conds, averaging.2 1°@ad/s,and furtter
while speed changesftertimes of 10 seconds and 23.75 seconds, averagigg 1* éad/s.
Simulated rotatiorspeed steady state error1s3 1*@ad/s on averagehis happenwhile

thereference is zero and the rotodissiredto be stabnary.

a) Rotor rotation speed, load 25%
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Figure 15. Rotor velocity response and error at 25 % load.
Carvelocity response is shown inglere 16 The elevator car was first driven from 0-®©

m/s, then back to 0 m/s, then from 0 to 6 m/s and finallk ba©® m/s as shown in Figure
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16a. The measured car velocityfigure 1® behaves similarly to the measured rotor speed,

it has minor noise during the operation and especially during acceleration and deceleration.
It also has a large noise spike at the end of the run just as thestappsg at the final
position, similarly to the peak seen in the first load case. Thdatied car velocity in Figure

16¢c behaves like the simulated rotor speed, although it also has significantly larger
oscillations both at the beginning of the simuatas well as at the beginning of each jerk

phase. These oscillations decay completely within approximately 2 seconds of simulation

time.
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Figure 16. Elevator car velocity response and error at 25 % load.
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3.3 Loading case 3, 665 kg additional mass

Figures17 to 20show measured and simulated responses with 48 % loading (665 kg).
Corresponding error signals are ajdottedin each figureThe responses of the last load
case are very much similar to the other two and the plots here are also largely ihaaane s

as they also mostly only have slightly more difference in error size or slightly more delayed

response. These effects are included in the comparison later in this chapter.
Figure 17shows the measured and simulated rotor rotations as the eleaatwas first

driven from 0 to-49.7 meters and then driven back to the starting point. This corresponds to
rotation of O to-248.5radiars and back as shown in Figureal7

a) Rotor angular position, load 48%
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Figure 17. Rotor position response and error at 48 % load.
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During this run largest measured errors were observed during rotor acceleration and
deceleration as shown Figure 1'b. Similarly to other casethé measured signal leads
during acceleration and lags during deceleratiRotor angle differencestarts fromzero,
fluctuates slightly beforeeaching a local minimum eD.29radians at the end of the first
acceleration phasprogresses to opposite direction ardches a global maximum of 0.67
radians as it approaches to the desired reference poohiasy returns to a steady state.

The steady staterror is0.03radians. As the elevator isturnedto the starting point the
angle differenceeaches a local maximum of O.Bdians after acceleratingrogresses to

global minimum of-0.76radians at the enadf deceleration, and returits asteady state.

After the completeyclethe steady state error#8.17 radians.

During the simulation the error accumulates over thesmmlarly to the other two cases
with the error r e atrhdiansafterahe smaubatiomsiccomplete as 6 - 1 C
shown in Figure 1@ Overall shape of the simulated error graphagainrelatively straight

and similar toother casessome dynamic behavi@ visiblein the response that differs from

the other twocase. At the first phase of the movement cycle, during acceleration the
simulated angle is lagging behind the reference more than in the previossaodsthe
difference progresses slowgshereas during deceleration the difference progréastsst

These effets again behave in the opposite way with the system retutnirige sarting

point, at a slightly larger magnitude than in the fixgb case.

Figure 1& shows themeasured andimulated car position with the car driven frontoQ

49.7 meters anblak to the startDuring the run largest measured errors occurred during car
acceleration and deceleration as showrigure 1&. The measured signal is leading during
acceleration and lagging during decelerat©ar position difference first fluctuates sligh

from zerq reaches a local minimum €.03 meters while acceleratinthen progresses to
opposite direction and reaches a global maximum of 0.13 nweltdes deceleratindpefore
returning to a steady stait reference the steady state error@s74 1* neters After that,
while moving back to the stathe position differenceeaches a local maximum of 0.11
meterswhile accelerating, progresses to global minimurrOdfl meters whileleceleating

and after that the returns to a steady state agéer.the cycle the car steady state error is

0.02 meters.



42

Simulated car position erras shown inFigure 1&. The difference oscillates in a similar

manner as in the first load casnd alscagaindecays in a same time frame of$&conds.

While moving the carthe difference progresses in similar shape aspisition graph,

reaches a local minimum &5.2milli meters, bouncdsack and retusito steady state that

alsohas some drifting away from refereniike the previous cases. Whenirg up the

difference first descends tayobal minimum of5.4milli metersand progresses the final

desired positiomf -1 . n@lli meters, where it alsslowly drifts away from the reference.
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Figure 18. Elevator car position response and error at 48 % load.
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Rotor rotation speed response is presemtétgure 19 The elevator car was driven from O
to -6 m/s, then6 to 0 m/s, then from 0 to 6 m/s and finally from 6 to O m/s, corresponding

to speed 0f30 rad/s while descending and 30 rad/s while ascending as shbiwguiia 1%

Measured difference iRigure 1% shows minor fluctuation. Larger peaks associated with
start and end of acceleration and deceleration, that are also the moments where jerk reference
is not equal to zero, can be found by looking at the global minimum and maximum values
of -0.70 rad/s an@.67rad/s that are located at 16.5 seconds and 38.5 seconds respectively.
At these locations the measured signal lags the reference when the rotor position approaches

the target level.

a) Rotor rotation speed, load 48%

IN
o
1

o
S — — — -Reference
g 20 Measured
§ — Simulated
a 0
1]
c
i)
B -20 -
[e]
X
-40 1 1 1 1 1 1 | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
] b) Measured rotor rotation speed difference, load 48%
o
S — — — -Reference
_g, 0.5 Measured
©
(]
o
Q.
(2]
c
Rel
k5|
[e]
04
1 | | | | | | | | | |
0 5 10 15 20 25 30 35 40 45 50
Time [s]
] c) Simulated rotor rotation speed difference, load 48%
»
S — — — -Reference
.g, Simulated
el
)]
)]
Qo M R — — — — — — — — — —
(72
C
RS
IS
[e]
o
| | | | | I |
20 25 30 35 40 45 50

Time [s]

Figure 19. Rotor velocity response and error at 48 % load.
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Simulatel difference shown iffigure 1€ has some oscillation during the whole simulation.

The oscillation is significantly larger at the beginning and mostly decays before 20 seconds
of simulation time like in the other two cases. The oscillation here also lyasater
amplitude than the other two cases. The simulated response is closer to reference while speed
changes after times of 1.75 seconds and 32 seconds, avefagingy® rad/8, and further

while speed changes after times of 10 seconds and 23.75 semerdg)ing?2 . 4™ rabl/e.
Simulated steady state error-is . 2 rdd® on average, this happens while the speed
reference is kept at zero and the rotor is aimed to stay statiéigame 20shows car velocity

responsalong with differences comparéal reference.

a) Car velocity, load 48%
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Figure 20. Elevator car velocity response and error at 48 % load.
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Shown inFigure 2@ is the elevator car that was first driven from 0@am/s, after that it

went back to 0 m/s, then from 0 to 6 m/s and finally returned back to 0 m/s. The measured
car velocity inFigure 2 behaves similarly to the measured rotor speed, it has some noise
during the operation and especially during acceleration and deceleration. However it is
missing the large noise spike at the end of the run just as the car is stopping at the final
position, which was present in the first two load cases. The simulatedlcaity in Figure

20c behaves like the simulated rotor speed, although it also has significantly larger
oscillations both at the beginning of the simulation as well as at the beginning of each jerk
phase. These oscillations decay almost completely wapproximately 2 seconds of
simulation time.

3.4 Comparison and virtual data

Figure 21showsca position deviation from reference signal for eauleasured and
simulatedoading caseThese are plotted in the same figure to aid comparison of the graphs.

a) Measured car position difference for each case
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Figure 21. Carposition erroifor each case in a single figure.
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Measured differences are showrFigure 2B While the reference is at steady state or just
beginning to accelerate, the lowest differences are seen in 0 % load case, followed by 25 %
load case and highest differences are seen in 48 % load case. However during the phases that
have a larger velocityeference value, while the 0 % load case is still producing lowest
differences, the two other load cases switch positions and during that time the 25 % load
case has the highest difference values. With simulated differences the reBigteen2b

follow the dynamics of the moddluring the entire movement cycle the 0 % load case

response is closest to the reference value, followed by the 25 % load case, and the 48 % load
case response is furthest from the reference signal.

Figures 22 and 23 examples bthe virtual sensor concept that could be implemented in a

Simulink model.They are extracted from the simulation run at 0 % |dddese graphs

include no reference value or measured data as such information does currently not exist.

a) Car position error due to variable rope parameters
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Figure 22. Exampk of a virtual sensor; simulatedr position error due to rope parameters
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Figure 22shows how part of the car position error is forming, which is based on the
simulated rope stiffnesses and masses. They are functions of the rope length and therefore
also furctions of the car position. Figure @2showvs that the error ranges from

0 . hillimeters when the car is at highest position and the rope is at its shodas/ 5

met er s, milimetetsavheB the8car is at lowest position and the rope is at its longest

at 54.7 meters.

Figure 22 showshow the rope stiffness changes based on car positios.is calculated

using the equation (1). When the car is at the highest position the ifbpsston that side

i s 6 N/f; ahddwhen the car is at the lowest point the rope stiffness on that side goes
down t &N/rb. Tie fotc®s used in calculating the position erroFiglire 22 are

obtained from varying the rope mass which is propodi to the rope length.

Figure 2& shows the simulated torque that is acting on the rotor during the simulation run.
The torque has a large amount oscillation at the start of the run but this decays over time.
The average torque ranges freBb00 Nm t02100 Nm based on the velocity reference.
Sincesame torque is affecting the stator but in dippositedirection, the stator angular
displacement can be obtained by accounting the torsional stiffness and damping of the stator
mounting. This can be seenhigure 2®. Using the parameters of this model the average

simulated rotation ranges froi2 . 0°r la@ i an s®rad@ans.2 . 4 - 10
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a) Torque during simulation
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Figure 23. Example of a virtual sensor; simulated torque affecting ramdrcorresponding

angular displacement of stator
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4 DISCUSSION

Overall the results of the simulationsllbw the reference signals nicely, even though
comparedto the averaged measurement dHtere are some phenomena that are not
included Ultimately the simulation could be made even more accerstein its current
form, however after experimenting with various variagtiep solvers (fixedtep was not an
option due to nonexistent stability) was clear that more accurate solvers woalb

multiply the execution time

The raw measurement datadrealot of noise, especially the velocity obtained from the car.
This was likely caused by both the distance the information had to travel along the wire, as
well as the somewhat unreliable nature of the encoder used. These outliers were mostly not
too difficult to remove, and the ones that remained were noticeable by visually comparing

the plots in the same graph.

Based on gures 920it can be seen that in all cases the simulated response eronost

bel ow t he ma?ghichimakdsdt smefvhatirrelévant as the reference goes up

to 50, meaning that the relative error is fractions of a per@émburse when discussing the
position error of an elevator car even a difference of 1 cm can cause issues during operation,
which means that in der to use this model for purposes that require higher accuracy, one
would need to adjust the model to operate in such way.

The shape of the simulated car position error can possttdyplained by looking aidures

21 and 22Since the car positicgrror depends on both the gravity force affecting on the car

as well as the spring force that is resisting this error, it makes sena# diahe simulated

plots in Rgure 21follow the shape dthe paraneter effect plot shown iniure 22. This is

caused by simultaneously increasing the car side mass and reducing the car side rope
stiffness by moving the car downwards and therefore increasing the car side rope length.
Also since this error is directly related to the gravity force and therefore tree inaskes

sense that the additional mass applied to the car increases the absolute error in car position.

This effect in these results is slightly too large because of the entire rope mass being
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modelled as &umpedpart of the mass at the end of theaolm reality the rope mass would

be evenly distributed over the length of the rope.

The large transient that occurs in the beginning of the simulatipaciedly noticeable in

Figure 23is likely caused by the simulated system not being in equilibriben simulation

starts. This can happen due to one or more initial conditions being defined incorrectly. A
solution for this could be to first simulate the model with a zero reference until the oscillation
finishes before applying the input signal. Anothvary to avoid this could be to first calculate
initial values for the generalized coordinates using static analysis, and applying these results
to the Simulink model integrators to force the simulatmstart from equilibrium.

The measured responsedltggnificantly larger differences from the reference value that
the simulations were based on, some in the range 000180 These can however be mostly
explained by dynamics of the physical elevator and the probable additions that are not
present in th simulationSome of the sources that may have caused this are the unreliability
of the encoders used in measurements, an additional position control loop in the physical
system that does not exist in the model, slipping phenomena between hoistingdrtipe an
traction sheave during measurements which was also not modelled into the virtual system,

and other control algorithms that may contribute to rider comfort.

4.1 About results

Although the results of the simulation plotted in the same graph as measisr@mdargely
quite similar, the graph alsshows severalcharacteristics of the elevator system that is not
accounted for in the model. When approaching the target puditie actual system is in
factnot following the strict jerk reference that is pided, but rather slows down in a calmer
manner. This behavior difficult to include in the model without knowing the actual control
scheme that is used in thRysicalelevator.This can be seeariose upn Figures 24 (filtered)
and 25(not filtered)
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a) Rotor rotation speed, load 0%
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Figure 24. Rotor velocity error when approaching target position.

As can be seen inigure 24the rotation speed imeasured data slows down quite early
before reaching the target velocity, and in addition to that right before reaching the set target
it slightly accelerates before going to a full stop. The fsktwdown is probably
implemented to improve rider comfort, as this ensures that the elevator basically glides to
the target level without a sudden stop, unlike the current simulation modekddrelgart,
additional adjustment, islone by a position controller to ensure that the elevator car is at
level with the floor that its supposed to ckaThis can be better seen iiglire 24 as after

a specific point the velocity signal begins vibratasyif it is attempting to carefully adjust

the position correctly before coming to a full stop.
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a) Rotor rotation speed, load 0%

w 51

o

o

g 0r P T

1)

Q. =

n /,// — — — -Reference

_S -5 P Measured

© ——— Simulated

)

m _10 | | | | | | | 1 | |
15 15.5 16 16.5 17 17.5 18 18.5 19 195 20

Time [s]
b) Rotor rotation speed error, load 0%

— — — -Reference
Measured
e Simulated

Rotation speed [rad/s]
o

| | |

15 15.5 16 16.5 17 17.5 18 18.5 19 19.5 20
Time [s]

Figure 25. Unfiltered rotor velocity error when approaching target position.

Another example of where the model coukke anmprovedposition controlis thatsince
currently the feedback loop agly handling velocity control, ineans that if at any point of
operation, a position error occurs, the model is unable to correct this. by thalactual
system hasome kind of position control as wellut without knowing its exact operating
principles it is not possible to mirror it in the simulation mod&is was also not feasible to
complete in the scope of this thedtscan also be seen in the static resp@isrilationin
Figure 8 where thesteady stateerror of the velocity signatauses the positioresponse

simulation to creepway from zero.

In the literature this is solved by adding either a position control loop or a current control
loop insideor outsidethe velocity control loop. Thisnsures that the possible steady state
error from velocity control is not reflected into the actual rotor posi@me other possibility
could be to add an integral part into the velocity controller, which could help mitigate the

steady state error. Howewthis is still not guaranteed to give flawless position responses.
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The errors between measured data and the reference signal used here can also be caused b
the two other factors. The large amount of noise and fluctuation in the signals suggests that
the encoder used for data acquisition could have been functioning better. This could have

removed some of the error that was present.

The steady state error that was présin all load cases was possildgused by minor
slipping between hoisting rope atmdction sheave, which meant tlifahe car slipped while
slowing down for the lower floor levein order for the car to be in the correct position it
would have to travel a longer distance to reach the upper floor level. This also explains why
the carsteady state error in our cases was positive and rotor steady state error was negative,
since in all cases the counterweight side was heavier than the car side, causing more slipping

to happen into the counterweight side.

Several integrator settings prded in Simulink were tested during the tuning of the model.
Best results were obtainediith either variable step ode45 or odeZ3hers had either
significantly larger vibration or longer execution times, and figexp solvers gave unstable
results. Out bthe two acceptable solvers oded&d significantly shoer simulation time
while ode23 might have been slightly more accuréhereforeode45was chosen for this
model sinceit gave reasonably accurate results and bec#userealtime simulation

viewpants require faster execution.

The simulation model theoretically has the possibility of outputting more data than position
and velocity information of the motor axis and elevator car. FBEOF Simulink block
diagram &0 has wiring for example fotorque, stator vibrations (both vertical and
rotational) counterweight movememind rope parameterghis data can be extracted from
themodel and plotted as shown ilgires22 and 23The issue with this type of data is that
without physical sensors theadings cannot be verified. They could however still be

considered virtual sensors.

4.2 Reliability analysis
In order to minimize issues caused by sensor errors the measurement results were averaged
from five separate runs. This was unfortunately not en@sgbspecially thelevator car

velocity data had large spikes that were likely caused by the data collection methods.
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Inaccuracy of the encoder and the faett tthe data had to travel ov& m over a cable in

the elevator shaft provided numerous faudtgdings, and in order to obtain meaningful plots

for comparison, the data had to be filtered quite a bit. Running the data throughcade)0
median filter means picking the median value over 100 data points, which in this experiment
corresponds to a®s time step. This will inevitably remove some properties that are present
in the raw data, for example any oscillation when stopping would be difficult if not

impossible to determine.

In the case of this study the loss of some minor data propertssotza main concern since
not only would the oscillation be difficult to separate from the large amount of noise that
was present in the raw data, but also the simulatiodeins unable to reproduce thigpe

of fine details without specifically modellthecontrol system to focus on it

Another point is that the great stiffness of the system caused by several integrators, feedback
signals and large coefficients will limit the usability of the model in capturing small
oscillations. This means that theodel should not be used for that type of detailed analysis

without finetuning it for that specific purpose.

Even though the encoders used in the measurements were capable of much greater
resolutions, the data was imported to MATLAB using a time step.@d5 s. This is
sufficientwhen comparing the model as running the simulation with significantly smaller
time steps than this would increase run times unnecessarily. Especially when the simulation
time was 50 seconds, the value of smaller integratiqrs st®uld only be achievable after

further optimizing the model parameters.

Reliability and relevance of thsource used in the literature researshould also be
discussed in this chapter. Out of the total of 22 references cited in thistkiegsisvere 11
scientific articles, 4 conference publications and 5 books. The rest of the references include
for example web documents and commercial handbooks included for some specific figures
or data. From the scientific articles and conference pafessthem were published in 2016

or later,so the references are fairly recent. In addition to that the books cited were either also

guite recent or otherwise widely used if they were older.
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4.3 Future research

There are some ways to improve the model studied in this research. Pmimbfithe most
important changes that could be made would be to implement a similar control scheme that
is used in the physical system so that the parallel operation of phyxicsinaulated system
would not only produce similar output, but would also have similar internal functions. This

would require researching the current control logic that is present in actual systems.

Some smaller additions to the current model inclagysical rotorthatis likely to have
some imbalance that could excite for example the stator frame, this could be introduced in
the model as a sinusoidal excitation directly at the stator position vertical coordinate. This

would allow researching the effeabf external excitation using the simulation model.

Another smaller addition to the model would be to include the friction phenomena between
the traction sheave and the ropes. This would allow the model to simulate slipping of the
cart and counterweighdjnce it can cause position error to occur in single instances and also
to accumulate. This would not only work during both normal elevator movement but could
also enable the possibility of using this model to simulate irregular events such as emergency
braking.

Lastly more work would probably need to be conducted in order to optimize the model, so
that the reatime simulation would be possible with as little resources as possible. Currently
the simulation speed is quite close to actual time passimgges speeding up the model
significantly would make the implementation not only much easier but possibly also perhaps
at all possible. This is because of the delays that are introduced in parts of tmeeal
system other than the model itself, whichukkbneed to be accounted for in the model

execution speed.
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5 CONCLUSIONS

The goal of this thesis was to create a dynamic simulation model of a KONEekib§
hoisting machinery in Simulink'he purpose for this task was that as KONE is interested in
working towards having a comprehensive digital twin of their elevator system, and in order
to eventually achieve it they require various digital tools for development, one of which
could be a dynamic simulation model of an elevalbe parametric simulatiomodel can

be used t@ct as a part of the elevators digital tvamce a digital twins goal is tirror all
relevant properties, behavior and data of the elevatar a parametric model can easily be
adjusted to use for example a range of differentgntggs and initial conditionsA goal of

the model was also tstudy the use of virtual sensors in ordeet@ble the extraction of
such quantities from Simulink that cannot be measured witkigdlysensors. Finallthe
model should also, it is possille, be able to simulatearious cases real time since the
reakttime support and possibilities of Simulink are some of the benefits of the program. This
is donein order to eventually obtain all benefits that virtual sensors and digital twins have
to offer, since these are especially valuable in-tea¢ when considering fault injection and

detectioncondition monitoring and sensor development

Model is based on a simplified five degrefefreedom masspringdamper-system. The

five degrees ofreedom are stator vertical movement, stator rotational movement, rotor
rotational movement, elevator car vertical movement and counterweight vertical movement.
The equations of motion were derived usi nq
as a blok diagram. e input used for the equations of motion was torque applied to the

rotorin order to simulate the actual motor functioning

In order to have the model function similarly to the physical system, the input to the entire
model was made by integging a jerk reference curve twice to obtain a speed reference
curve, which was then converted to torque and used as an input to the system. A speed
control feedback loop was implemented in order to get the model to follow the speed

reference.
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Model verfication was completed by comparing the modelkgponse to measured ddtat

was obtained during verification measurements conducted with a physical elevator system
The measured quantities were rotor position and speed as well as elevator car pakition an
speed. The resulthat wereplotted were responses obtained from measuring the physical
elevator with three different loading cas@$p (0 kg), 25 % (320 kg) and 48 % (665 kap,

well as simulating the model responses with simibads and same inpuéferencesin
additionto that theactual response plots the figures also include actual error of each response
when compared to the reference signal. This allows comparing the responses on a

significantly more accurate scale, rather than just comp#rengverlapping response plots.

Overall the Simlink model behaved quite well and pretty much as expedteas able to

follow the speed referenagith no significant issuesand the absolute erravas several

orders of magnitude below the measureded#nces This was also true for position
reference even though the model has no position or current feedbacknkmung thathe

error would keep increasing over time since the velocity response had steady state error
presentWhen ignoring the two lge noise spikes in elevator car velocity measurentieats

were likely caused by the encodére maximunmeasured error was in the magnitude of
0.10to 0.15 and the simulated error in the magnitude of 0.005 to 0.010.

Also the model was able to outpsimulateddata that could not be measured from the
physical elevatgrsuchas stator rotational vibrationactual torque affecting the rotand

hoisting rope stiffnes€ven though this data cannot be usets &nce it cannot be verified
without additonal physical sensors and measurements, it serves as a proof that such aspects

of the model could very well be suitable for applying the virtual sensor concept.

Several improvement and additional development ideas were found for the modehiteat
notcurrently present in the simulation mod=neventuallybe used to improve its accuracy

and suitability for various taskémplementing a position controller would improve the
position responses of the modehis however would require studying the qohtogic that

is currently in place in the elevators, and therefore was not feasible to be considered in terms
of this project. Another smaller improvement to the torque block would be to apply some
kind of limiting elements to it based on actual motooparties, so that the simulated

maximum torque would not exceed the capabilities of the actual axial flux motor.
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Smaller additions that could also be made to improve the current model include aspects suc
as not ignorinaall friction behavior between the traction sheave and the rope, such as the
rope slipping when the elevator accelerates or brdkegeverthis was also outside of the
scope of the thesis.

Another smaller addition would ke include any imbalances ofehotor in the model by
simulating a sinusoidal harmonic force affecting to the stator frame. This would allow the
model to simulate the effects of such imbalance on for example the elevator car vibrations.
However mirroring such imbalance in the model ldovequire measurements of the
physical rotor in order to determine the amplitude of the imbalance, and as such is not really

feasible for studying specific equipment properties, but rather just for general effect.
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