TAL
TECH

TALLINN UNIVERSITY OF TECHNOLOGY
SCHOOL OF ENGINEERING
Department of Electrical power Engineering and Mechatronics

SYSTEM SIMULATION OF AN ELEVATOR

LIFTI SUSTEEMI SIMULATSIOON

MASTER THESIS

Student: Diwakar Kumar Gupta

Student code: 194357MAHM

Kari Tammi - Associate Professor Aalto

Supervisor: University

Co supervisor: Kristjan Putsep - Lecturer, Taltech

Tallinn 2021



AUTHOR’S DECLARATION

Hereby I declare, that I have written this thesis independently.

No academic degree has been applied for based on this material. All works, major

viewpoints and data of the other authors used in this thesis have been referenced.

"18"” May 2021

Author: Diwakar Kr. Gupta ........cccceeveeeernnee.

/signature /

Thesis is in accordance with terms and requirements

"18" May 2021

,
7 7
Supervisor: Kari Tammiv#®¥........ z:‘w.

/signature/

Accepted for defence

Chairman of theses defence COMMISSION: 1ivvvvriirriiriieriisirernireneenreerernneennnns

/name and signature/



Non-exclusive Licence for Publication and Reproduction of GraduationTthesis?

I, Diwakar Kumar Gupta (date of birth: 22/05/1994)

hereby

1. grant Tallinn University of Technology (TalTech) a non-exclusive license for my thesis

“System simulation of an elevator”,

supervised by

Kari Tammi — Associate Professor, Aalto University,

(Supervisor’s name)

1.1 reproduced for the purposes of preservation and electronic publication, incl. to be
entered in the digital collection of TalTech library until the expiry of the term of
copyright;

1.2 published via the web of TalTech, incl. to be entered in the digital collection of TalTech
library until the expiry of the term of copyright.

1.31 am aware that the author also retains the rights specified in clause 1 of this license.

2.1 confirm that granting the non-exclusive license does not infringe third persons'
intellectual property rights, the rights arising from the Personal Data Protection Act or
rights arising from other legislation.

1 Non-exclusive Licence for Publication and Reproduction of Graduation Thesis is not valid during
the validity period of restriction on access, except the university 's right to reproduce the thesis

only for preservation purposes.

(signature)

(date)




Department of Electrical Power Engineering and Mechatronics

THESIS TASK

Student: Diwakar Kumar Gupta 194357MAHM

Study programme,

MAHMO02/18 - Mechatronics

Main speciality: Automation, Robotics and control Engineering

Supervisor(s): Kari Tammi — Associate Professor, Aalto University

Co supervisor: - Kristjan Putsep —Lecturer, Taltech

Consultants:

D.Sc. (Tech) Gabriela Roivainen, KONE Corporation

Thesis topic:

(in English)

System simulation of an Elevator

(in Estonian) Lifti sisteemi simulatsioon

Thesis main objectives:

1. Design of a sample hoisting virtual model inside SimulationX.

v A WN

Analysis of HIL deployment and stability of the model inside HIL.
Decrease the software testing time of drive and wider testing.

Hoisting Model validation.

Thesis tasks and time schedule:

Unknown Parameter estimation in hoisting model & its real time functioning.

No Task description Deadline
L . . April-June
1. Training of SimulationX software 2020
> Modelling of elevator model inside Simulation X June-
) Sep.2020
Determination of elevator parameter and October
3. L .
sensitivity analysis 2020
Nov-Dec.
4. Testing of Model performance inside the Beckhoff 2020
5. HIL Model Deployment & stability of the model Dezco.iJlan
6. Validation of 1d model and thesis Writing Jan- March
7. Submission of the thesis May 2021

Language:

English Deadline for submission of thesis: "18” May 2021




Student: Diwakar Kr Gupta W“ "18" May 2021

/slgnature/

'
Supervisor: Kari Tamml  v#¥ .. % "18" May 2021
/signature/

Co supervisor: Kristjan Pitsep "18" May 211

Consultant: Gabrlela Roivainen /L *18" May 2021
/signature/

Head of study programme: Prof. Mart Tamre ........... *18" May 2021

/signature/



Abstract

Simulation is a powerful method for simulating the behaviour of nearly every system
and it is increasingly being used in testing. Characterisation of physical testing involves
the use of mechanical systems. However, in increasing cases, it is now possible to
adequately describe portions of the test specimen using mathematical models.
Consequently, test systems that divide the specimen into a physical and a virtual part,
where the virtual part consists of real-time simulation, are used. One such powerful
technique which connects physical hardware device and virtual prototype is HIL
simulation. HIL simulation interacts in real-time and allows the possibility to interface
MBS models with actual hardware in a virtual space. This provides the flexibility to test
control parameters in a variety of operation settings without physical prototypes. This
research aims to develop an elevator model inside the Beckhoff unit and using HIL
simulation technique that improve the quality of software, and to reduce the testing

time.

This paper highlights the operational Dynamics of an MBS elevator, which demonstrates
how a system simulation is connected with MBS dynamics, and also how the modelling
of a simple hoisting and a general framework for HIL system analysis is developed. The
elevator model was created inside SimulationX, and their FMU was loaded inside the
Beckhoff for HIL. The simulation model was looped with the drive then used in the HIL
test rig using Jenkins and C.I for drive software testing. The elevator simulation has
been done using HIL that improved the elevator's lifetime and has minimised its cost.
Measured results of test rigs of the real-time capable synchronisation model were

verified and compared with the real elevator.

Multibody dynamics is used to investigate the effect of incorporating non-linearity and
discontinuity into a HIL system. The overall system simulation of the elevator using the
HIL technique has increased the test accuracy, efficiency and has increased automated
testing. The model provided realistic results with the time-step size of the HIL test rig.
However, the results are good in the 1D model and, but investigation and stability of

the 3D model are still being investigated.

Keywords- Multibody dynamics, Virtual prototype, Motion-Motor control, FMU, HIL, C.I,

Software testing and Vibration analysis.
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PREFACE

The idea for this project originates from the KONE oy Hyvinkaa HIL Laboratory. KONE
provided the opportunity to conduct this research and to present it as my master thesis.
This project started during the COVID-19 pandemic, and it served as something to focus
on and rely on the time of crisis. As in this time when work from home is next to normal,
it would have been difficult to carry out my research but KONE provided all the necessary
help required to complete this project. It gave me a chance to challenge myself and be
responsible for difficult situations as well. The KONE never gave up their attitude,

despite many obstacles and failures, which lead to the success of this project.

Not only does this project enhance my technical knowledge of mechatronics, signal
processing, simulation, drives, and system engineering but it also taught me the
importance of teamwork, the role of devotion to work, and self-discipline. I also
understood the importance of diversity as a team working on this project has different
backgrounds and expertise. This is something I am going to have to deal with every day

in the workplace.

After many years of working with various professionals in different parts of India, I have
made much strong decision so, when KONE offered me this project, I was delighted to
accept the project. However soon the pandemic was all over the world, which proved to
be the biggest obstacle. KONE's hard and dedicated team did not give up and accepted
the challenge and started this project with twice as much as the same determination,
which boosted my confidence to complete the project with sheer determination and hard
work. I was optimistic and focused on my work with full dedication and commitment to
thinking about the situation. All these difficulties and situations not only made me more
independent and stronger than before and prepared me for any difficult time, but also

made this project and research a success

My special thanks go to Gabriela Roivainen for her scientific guidance, versatile practical
support, and her objective leadership on this research project. I would also like to thank
head of System Engineering Team Viita-aho Tarvo for providing guidance and leadership
on this project and for making me part of his hardworking and dedicated team. Further
thanks go to the other members of the KONE HIL team, Salomaki Janne who always
assisted me in HIL laboratory and collecting previous data, and several fruitful

discussions that we have had during this period.
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I would also like to thank the ESI team working on this project as a Nodal agency, Chris

Penndorf, and Claudia Bellanger who helped me understand the SimulationX software.

I would like to express my deepest gratitude to the Taltech Head of department
Professor Mart Tamre, for guiding me from time to time on this long journey, who
assisted me in managing the courses and thesis together even when I was miles away
in another university (Aalto). I am also very grateful to my supervisor, Tammi Kari,
Associate Professor at Aalto University, who helped me in elevator mechanics and its
modelling, and his vibrant knowledge helps me from time to time throughout this thesis.
My co-supervisor, lecturer Kristjan Pltsep, for constant support whose vast knowledge

of Beckhoff helped me understand and implement in this research.

Last but not least, I would like to dedicate this thesis to my father, who has always
supported my decision, who has always told me that "failure is the most important thing
in life because failure teaches many things, but success only boosts the ego of a person"

and has always encouraged me to do my job regardless of the outcome.

Diwakar Gupta
Tallinn, May 2021
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1 INTRODUCTION

The proportion of people living in cities is continuously increasing and, as a result, the
demand for housing and elevators is also increasing steadily. Cities are growing, leading
to high demand for living space within the city. The limited land area of these cities,
especially the residential elevator, is quite expensive and needs affordable and long-
lasting solutions. Buildings require a sophisticated vertical transport system, the
backbone of which is elevators. KONE, one of the largest manufacturers of elevators
globally, aims to provide efficient solutions for the smooth flow of people in buildings.
So, this research aims reduce the software testing time by replacing manual testing
with automatic testing runs, that is going to be possible through system simulation. A
virtual prototype of an elevator model will be created and deployed in one of the testers

for drive software testing.

The research includes creating an elevator system (Multibody) model using SimulationX
software, and the dynamics of the multibody elevator system will be simulated.
Currently, the model is hand-coded inside the Beckhoff elevator. The new model is
optimised for action in real-time where experimenting with the model and its validation
is most important part. This research involves potentially necessary model reductions
and optimisation for real-time capabilities. It will help improve the elevator system as
well as the automotive industry. The proposed elevator to be created will use new

technology to enable the system's smooth flow, speed, and accuracy.

The elevator dynamics will be created with the aid of mechanical, electrical, and control
systems. The model will be used for elevator development and testing, focussing on
improving the test accuracy using hardware in the loop that will do more and more
manual testing to be automatic by decreasing testing time using hardware in the

loop(HIL), increasing the elevator lifetime by simulating and mitigating malfunctions.

This model should enable the developer to evaluate elevator car dynamics, the
interaction of subsystems and their impact on product performance at an early stage.
By collecting other parameters while simultaneously testing the simulation, the model
fidelity will be high. Any additional effect can be examined during testing, reducing
future errors and improving the elevator drive software testing. Moreover, the model
will have lateral vibration, reducing the time taken to calculate the data. It is one of a
kind of digital transformation in the elevator industry. After developing the elevator
model inside the Beckhoff unit, more accurate software testing of the elevator drive has

been possible, which will decrease the testing time of the drive from week to hours.
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Also, it will cover more comprehensive testing, but the HIL testing will ensure the

accuracy of the system and increase the lifetime of an elevator.

Problem statement

The simulated hoisting in the current systems is modelled through the Beckhoff
programme code. It is not only expensive [1] but also tricky to change the physical
elevator motor (PMSM) if one needs to increase the elevator's acceleration [2]. In
addition, any software update of the drive would come at the cost of time as the drive

software needs to be rigorously tested to establish its functionality.

This thesis will address the following research questions.

1) How to decrease the testing time of drive software.

2) How to enable automated testing and increase the lifetime of an elevator.

3) How to enable the testing of real-time elevator cycle while testing fault
behaviour.

4) How to improve the previous elevator model.

5) How to change and test different parameters of the elevator shaft without
changing the actual component

6) How to make the elevator safer for its use worldwide by accurate releveling after

reducing the sag and bounce.

Objective of the research

The objective of this research is to increase the test accuracy of drives by using
hardware in the loop, and the aim is to develop the elevator model inside the Beckhoff

unit in order to deliver more accurate and broader software testing for the drive.

Subgoals:
e Find Unknown parameter estimation
e Designing of hoisting machine inside SimulationX software
e Stability of the Model and Real-time simulation of the Model
e Comparing the result of the Real model and Virtual prototype model
e Validation of the model
e Increase the lifetime of an elevator

e Decrease the testing time of drive software

16



Overview

The thesis deals with the model build-up, parameterisation, validation, calculation of
relevant variables in different scenarios, model partitioning, and code generation. KONE
is providing all necessary parameter data for modelling, testing and validation. KONE
operates HIL systems for commissioning and testing motor; the test system contains
an electric motor, Beckhoff system (Embedded Pc), shaft simulator, and frequency
converter.

The thesis primarily focuses on understanding the theory, the validation of parameters,
understanding the model project, Model preparation inside SimulationX, Sensitivity
analysis, model running & its behaviour, and finally, validation of the model compared

with the actual result.

The thesis is divided into two parts: the first part is about model preparation, and the
second is about Model deployment inside the Beckhoff. This thesis is limited to building
the model and its validation. However, as part of the project, it is the author's

responsibility to thoroughly understand Beckhoff and implement it.

Thesis structure

The thesis is divided into eight chapters, which complies of many sections, item and
sub-item. The first chapter begins with an introduction, problems, and objective. In
chapter two, a literature review of past research has been done concerning the topic. In
chapter three, the theory behind the elevator simulation and dynamics, their hypothesis,
how electrical, mechanical component is connected and how it relates to SimulationX.
chapter four covers the technical background that covers all technical details such as
MONO 500, system simulation and HIL. The Elevator Model is defined in Chapter 5,
along with all of the components that were created using SimulationX software. chapter
six highlights the methodology and describe how the work has been finished, where it
is discussed how the elevator model was deployed inside the Beckhoff. In Chapter seven,
I have validated the model and compare the results between the original laboratory
model and the virtual SimulationX model where The model has been validated with more
than twelve cases. Finally, at the end, the summary and conclusion of the thesis are

mentioned.
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2 LITERATURE REVIEW

Existing Method

Before starting this thesis, the author went through the previous elevator model
(MONOQO700) and its document where the model was prepared for the high-rise market
segment. The author then went through many articles and scientific results related to
system simulation/engineering, hardware in the loop, Modelling of Virtual elevators in
various software, Modelling in SimulationX software, and Beckhoff. This section briefly

describes the research work that is related to the topic.

e Hardware in the loop
e Multibody dynamics of an elevator
e Model deployment inside Beckhoff.

e Software/automated testing

The Project HIL team decided to prepare the Elevator model and simulate it using
hardware in the loop. Earlier elevator simulation has been done using SIMIO software
[3], SIMIO is a discrete simulation tool recently developed by the same authors as
ARENA. Due to its similarity to ARENA-the most widely used general simulation tool
globally, the SIMIO tool was preferred over others. High and low-intensity scenarios can
benefit from lower dwell time. As a result, few clients or many other calls on other floors
can attend. In medium-intensity scenarios, the longer the time of residence improves
the performance of the system. Values enhance the importance of retrieving data from
the site where the elevator system is being implemented to have a good customer

demand idea.

In the Previous MONO 700 elevator has been simulated through the same SimulationX
Software [4] in which the project involves the development of the elevator system
model. This enables the user to evaluate the elevator car's dynamics, subsystems'
interaction, and their impact on the product's performance at an early stage. Models
created in SimulationX were linked to existing KONE models via various interfaces. The
Functional Mock-Up Interface (FMI) as an independent model exchange and co-
simulation tool was the most common approach that was being used. Other techniques,

such as export as an S-Function for MATLAB / Simulink, are also available.
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FEM models may be imported into SimulationX as reduced flexible bodies. The model
was designed modularly, making it easy to exchange model parts for more detailed or

simplified versions to increase accuracy or minimise computation time.

The real motion control algorithm has been implemented via the FMU to ensure the
elevator's correct actuation by changing certain boundary conditions of the elevator's
operation, and reasonable behaviour of the model has been verified. Thus, during
development, the model was used to find the elevator's core parameters or test new
system configurations. Still, there was a stability issue. Also, it was not tuned for real-
time operation. In this thesis, the author will fix these limitations by finding the unknown

parameter, repairing the stability issue, and adjusting it for real-time operation.

Multibody simulation has become a standard tool for the design process in the various
automotive industry. Modern simulation packages like SIMPACK offer a wide range of
modelling possibilities where railway vehicles' simulation has been done [5]. Current
simulation packages offer modelling elements that are highly adapted for standard and
unusual simulation scenarios. Where in the article gives an overview of state of the art
in railway vehicle simulation. Calculation times are made short to allow complex

examinations. The model was not stable.

In the Paper “"Development of advanced driver assistance systems with vehicle
hardware-in-the-loop simulations,”™ a full-scale ADAS-prepared vehicle is set up in
equipment on top of its reproduction [6]. Climate case dynamometer is utilised to copy
street collaboration and automated vehicles to speak to other traffic. The controlled
climate helps in the presentation and dependability of the ADAS. This is tried to a severe
level of unwavering and precision quality. The working standard and the additional
estimation of VEHIL were shown by the test consequences of the versatile journey
control and the forward crash notice framework. The situation of VEHIL in the ADAS
advancement measure was delineated based on the 'V' chart. A new VEHIL idea for
testing ADASSs has been introduced in the paper, where an actual savvy vehicle is worked
in a HIL climate. VEHIL is appropriate for different ADASs: ACC, 588 O. Giete link et al.
stop-and-go, FCW, pre-crash frameworks, vulnerable side frameworks, and completely
independent vehicles. The test results for ACC and FCW exhibit VEHIL that has an
additional incentive in a few periods of the improvement cycle of an ADAS: sensor check,
quick control prototyping, model approval, work level approval, adjusting of control
calculations, creation close down tests, and readiness of test drives. For these purposes,
VEHIL tests are acted in a reproducible, exact, and controllable approach to establish

an agent test climate.
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The tests can be performed proficiently as compared to external test drives. The test
situations can be changed effectively because of the association with the fundamental
re-enactment environment. With a higher trust in the framework, resulting test drives
would then be able to be performed. This is possible as the ADAS has just been
altogether tried in VEHIL. VEHIL is not intended to supplant MIL re-enactments, and
test drives shape a productive connection between them. It was shown how to open FMI

standards could accomplish the trading of models among the elaborate devices.

KONE had simulated an elevator model previously for an acoustic model of the elevator
using a hybrid approach [7], The approach is based on a hybrid model, which mainly
combines the finite element method for the elevator's deterministic parts, such as the
sling, with the statistical energy analysis used in the modelling process. Both plates'
behaviour with a large surface somewhat randomly reacts and affects noise Control
treatments and leaks. The hybrid approach will also allow the simulation to cover
relatively high-frequency areas above 200 Hz, which, in the present case, can be

calculated by (FEM) only with unreasonably high computational effort.
Competitors work

KONE competitors like Schindler and TKE (earlier known as ThyssenKrupp) are currently
using elevator simulation to improve elevator performance and to do the digital
transformation in the elevator industry but there is not so much detail about their
elevator simulation and HIL testing mentioned anywhere. As the competitors are
working to improve the overall structure of elevator and automation testing, the
company also do not want to lag in this field. In Figure 1, Schindler has presented their
way of HIL testing, where they are trying to replace the test tower and engineer with
one HIL simulator, as the way of testing is shifting from physical testing to a model-
based approach where drives and all the mechanical component such as rope, car, etc
is getting replaced by the virtual prototype. Virtual drive and the mechanical system

allow changing any configuration.
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HIL - From Physical Testing to a Model Based Approach
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Figure 1. Schindler HIL from physical testing to Model-based approach [8].

Recently TKE earlier known as ThyssenKrupp has also announced one such project, In
Figure 2 where they are working on a rope-free elevator using system modelling, where
they will do the performance evaluation, load calculation and also working on safety for
overall better elevator performance for a better journey.

WHAT: FUNCTION FIRST - SYSTEM MODELING

¢ Performance Evaluation

* Load calculation

* Requirements definition
w.r.t.

* Power: speed

+ Safety: break
performance

« Energy Efficiency:
weight & packaging
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Figure 2. Thyssenkrupp- HIL System modelling for rope-free elevator [9].
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Improving Existing Method through Technology

For the proper functioning of an elevator, there should be stability and accuracy in the
power used in the system. The online method can identify power impedances to ensure
that the system works normally to maintain this stability and accuracy. The new
technology uses a system called Wideband System Identification (WSI) technique. This
digital processing technique works differently from the current methods in the
simulation of hardware. The current method involves the parametrisation of parametric
impedance. Stability and accuracy in the power system are helpful as they can help the
elevator system to work without failure. The digital technique helps improve accuracy
as it helps in testing the actual DUT. Some of the benefits received from the digital
processing technique include detecting delays, non-linearity, sensing errors, and
preventing power amplifier [10]. The best method for accuracy and stability tracking in

hardware simulation is the Damping Impedance Method (DIM).

The stability of power is an important aspect of hardware simulation. When delays are
reduced in the functioning of hardware, the power stability will be maintained. The
existing method uses continuous-time transfer functions to assess the stability in the
PHIL system. However, this method is found not to be applicable in a real-life situation
as it does not capture aspects such as numerical discretization and sample and hold
effects [11]. As such, the digital method where new technology is used in maintaining
the stability of power in the PHIL system is better. As mentioned above, using new
technology is good as it helps in reducing time wastage and accuracy as well as power
stability. Stability is enhanced when the DUT and Robot operating system (ROS) is
connected. The connection should be at an angle of 180° for all the frequencies used in

the connection [12].

The elevator models used in the other projects are not tuned for real-time operation.
Potentially required model reductions and optimisation for real-time capability are part
of this project. The project will be implemented for a MONO500 test bench, adapting
models built for MONO700 in the previous high-rise building [13].

The model is reduced to achieve real-time. The created model in SimulationX has its
own set of libraries or can be linked together with existing models at KONE via different
interfaces. An essential part of the project is assessing the model performance and
identifying performance bottlenecks; this may result in a project outcome that the

existing Beckhoff hardware's performance is not adequate for the task [14].

Test model performance will be done outside of the test benches. Then the resulting

draft models are deployed on-site together with engineers. In the future, the project
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team intends to virtualise the test further, eventually replacing the motors in the test
benches with HIL simulation models [15], [16].

The definition of a strategy and roadmap for this process is proposed in this document.
When attempting to add rope elasticity and rope slip to the current hand-coded models.

These problems could not be solved in the past.

Outlined below are areas the author seeks to improve the overall structure of the model.

e Balance and accuracy: In the article, the researcher was not able to put the
balance between accuracy and performance [10], Here the author is going to set
a shaft angle that will simulate the car in a particular position. It has been

assured while modelling the elevator model in SimulationX.

e Stability: The stability issue has always been a major concern due to inherent
delays within the interface devices [11],[12]. The time delay of HIL signal, lack
of performance of hardware and the control signals was always getting some
phase shift that leads to instability but here author will try to improve the stability
by testing the model outside the test bench.

e Design of elevator model: In the other software model such as MATLAB and by
other researchers [17], it was not that much computable; the earlier model has
not so much actual physics component as much as SimulationX, this software

has made it easy to designh the MBS model.

e Real-time: Any previous elevator model was not tuned for real-time [18] and it
was not fully feasible to achieve the HIL test with Real-time simulation |, but the
SimulationX model has real physics element like spring and damper that will tune

the model for real-time.

e Sag and Bouncing: Car sag and bouncing is one of the significant problems of
customer around the world; that has always been a real issue for all the major
elevator industries, and they have never overcome it, but here due to feasible

real-time element, it is possible to get the exact re-levelling.

e Sensor Functionality: Sensor functionality at different part was not in the
previous model. The sensor has been installed at different parts to record the

behaviour early.
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Power consumption: In all the earlier project research, power was the critical
question and power consumption used to be too much, but here in this research

author is going to work on how to reduce the power consumption.

Automating testing: In KONE many of the tests are manual that is very time
consuming, it is the first time when it is targeted to do fully automating testing

in place of manual testing.

Parameter Variation: In the earlier project at KONE, and the research it was not
possible to change the parameter in the middle of a test but here any simulation

engineer can able to change the parameter while testing.

Deployment of FMU (elevator model) inside the Beckhoff: It was not feasible to
do in another project, other researcher used to do it on another test bench which
is making this very costly. Previously available HIL equipment has some

limitation on simulation performance

Noise Reduction: In many kinds of research, the focus was to decrease the noise
level but as It is known from [19], [20] The signal processing is associated with
identification, structure as well as modelling, the resultant output of signal
processing is mostly distorted and contain some noisy that is why noise reduction
the removal of channel distortion are important parts of a signal processing
system, in this thesis, the author only focuses on decreasing the vibration from

the motor.

HIL for High rise building: HIL for High rise building: It has not been done yet,
but in the future, it might be possible to implement in high rise building too.
High-rise building constructions are characterised by a small humber of hoisting
equipment and many construction resources to be hoisted. Therefore the
configuration parameters should be more carefully planned with quantitative

methods before being applied to high-rise building constructions [21].

HIL Deployment- The overall structure of the HIL component and testing will be
improved as the research has been focussed on each hardware and software
component to improve the overall testing experience as this HIL technique so far
has been used in automotive industry HIL, first-time HIL is going to be used in

the elevator industry.
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e Replacement of physical motor: it is not yet possible to change the physical
elevator hardware motor through a virtual prototype motor, but the HIL

technique will open the way to replace the motor too [22].

Amongst the problem mentioned above, apart from HIL for High rise building, the
replacement of physical motor in the virtual prototype model, and Noise, the author will
do work on everything in this research. Next, the theory behind the simulation will be
discussed in the next chapter where it is shown the importance of elevator simulation
and how the simulation works and how it has benefitted the elevator ride. The
mathematical model of an elevator system and the equations of motion of the complete

elevator system are derived and explained.
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3 THE THEORY BEHIND THE SIMULATION.

The development of the elevator points out interest in elevator control a long time ago.
The elevators' simulation is becoming more versatile and efficient, and elevator
simulation styles have been evolving for several years. Complexity was written and

implemented.

Simulation has been evolved from a control prototyping tool to a system modelling that
has combines many advantages of both physical and virtual prototyping. The elevator
aims to convert the motor's initial electrical power into mechanical power that the
machine can use. Both the electrical and mechanical industries work together to make
it easy and convenient to run elevators. Without electrical control, mechanical
components are useless. The mechanical section of elevators includes service the
mechanical parts to assemble components and installations. In contrast, the electrical
section involves electric motor i.e., operate in close loop velocity control [23]. The
electrical section of elevators includes electrical wiring of brakes and motors, wire the
panel into a circuit board or machine that would provide instructions on how long and

how easy it to run for an engine that powers the elevator mechanism.

The elevator purposes of transforming the motor's initial electrical power operate into
mechanical power used by the machine. The elevator's most common design is the
cable-driven elevator, where a car is raised and lowered by steel cables. The machines'
muscle is mounted at the top of the elevator shaft. Its ropes are attached to the vehicle,
and a pulley with grooves is looped around a sheave to grip the ropes linked to an
electric motor. One way the elevator car goes up, turn the engine. As the motor turns
the other way, it goes down. A traction elevator installation’s critical component is the
vehicle, cable elevator unit, control equipment, C.W(counterweight), hoistway, rail

penthouse, and pin; more detailed description has been given in chapter 5.

Increasingly complex and detailed simulation models are becoming more difficult due to
ongoing advances in software and computer technology. A virtual prototype of an
elevator model can solve accurate simulations varying the parameters and evaluate the
elevator behaviour. The multibody modelling of the elevator system will be created
inside SimulationX, and it will be simulated. Here, all of the experiments are carried out
with a 2:1 roping configuration. A general hoisting model of 2.1 rope ratio has been
shown in Figure 3. The roping ratio with all the detail configuration has also been shown

in Figure 28.
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Figure 3. Current Hoisting Model of 2.:1 Ratio in HIL. 1)Pulley 2) rope 3) car Pulley 4) Car Pulley
5) Counterweight 6) C.W Pulley.
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The engine for the elevator machine will be either an AC motor or a DC motor. To control
the DC motor, strong starting torque and ease of speed are required. Due to its
ruggedness and simplicity, an AC motor is used more often. The engine is selected
depending on the design purpose for the elevator. Many factors that directly affect the
elevator performance such as Rated load, rated speed, group size, acceleration, jerk
and, Door type etc. Motor RPMs (Revolution per minute) are determined from the
elevator's required travel speed. Rated speed is the speed of the elevator that decrease

the travelling time. The information that is needed is

n = Qin*ROPINE rppppy (3.1)

(mxDtr)*60

Where Vj;, — Speed of linear movement, m/s
Roping- Roping ratio for Rope
Dtr - Traction sheave diameter, r
n - Motor RPM speed

The power required to get the shaft in motion is equal to the power required to overcome

static or stationary friction and accelerate the weight from rest to complete speed. The

power output is calculated with the following data:
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Pout = Tinn * @ [W] (3.2)

Where T,, - Torque output, Nm

o - Angular Velocity, rad/s

The elevator consists of a motor and, most of the time, a worm gear reducer. A worm
gear system comprises a worm gear, usually referred to as a worm, and a larger round
gear commonly referred to as a worm gear. Rotational pulleys perpendicular to each
other can decrease rotational pulley speed and change the rotational plane. By reducing
the rotation speed using the gear reducer, the output torque is increased to lift larger
objects for the diameter of a given pulley. Both ends of the elevator rope can be made
in a possible arrangement to anchor to the overhead beam in a possible arrangement.
In this case, the height of the elevator shaft/car can be calculated using the following
formula:
hy = %hnom (3.3)
Where h,., - Elevator shafts height, m
h, - Total Height

When the elevator is at its lowest, it means at the ground, than the height of the elevator

shaft *h,,, become zero. Which leads the elevator torque also becomes zero.

A C.W is on the other end of the section to offset the weight of the car, usually
approximately half of a fully charged passenger elevator so that on the average ride two
of them are perfectly balanced. All the motors necessary to move the vehicle provide
the impetus for switching one way to the other, consequently reduce the torque provided
by the machine. The elevator car and the counterweight are attached to free moving
sweaters. The pulley is attached to the tractor pulley. The traction drive is the way to
convert the input mechanical power (in this case, a shaft) to useful mechanical power
in the system (the vertical movement of the elevator). The friction between the cords
and the sheave grooves, cut on the lid, initiates the force of traction between the traction

drive and the rope. At this stage, the friction force can be expressed as

F¢(v) =v-op (3.4)

Multiple friction forces oppose the motion of elevators. Such as wind force and bearing

force. Wind and bearing force can be calculated, which is acting on elevators:
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FW(V)=V-0W-( v )2 (3.5)

Vnom

v )2 (3.6)

Fg(v) =v-opg- <
B BO Viom

Where v,,, - Elevator nominal speed, m/s
ow - Wind drag force at nominal speed, N

ogo - Bearing force at nominal speed, N

Combining all these forces, they form a combined frictional force that cannot be
neglected during the evolution of ascent because the elevator will eventually fall if its
factors are neglected. The combined frictional force is the sum of small friction, wind

and bearing force can be expressed as.

Fp(v) = F¢(v) + Fw(v) + Fg(v) (3.7)

Where F¢(v)- Friction force, N
Fw(v) — Wind Force, N
Fg(v) - Bearing force, N

Fr(v) - Combine overall force, N

For the elevator, the first observer is kinetic, which estimates the angular positions,
speeds, and acceleration of links by utilising the pellet's acceleration constraint
equations, which play a role as a system model. An appropriate set of acceleration
measurements to provide information on the acceleration of all connections used as

model inputs.

The second observer, called a dynamic observer, estimates the excavation, the payload
and the forces of action using dynamic model elevators as an inverse dynamic model.
The kinematic estimate by the cinematic observer plays the role of the system inputs.
The measurement or the known actuation force used to calculate the observatory

corrections as the output variables.

While the kinematic observer is not dependent on the dynamic observer, it depends on
the cinematic observer, and therefore must be operating simultaneously. The kinematic

strength is observed as:

Fx(a,h) = (mg+%-(h—h01)-mc1>-a (3.8)
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Where a - The acceleration of the shaft, m/s?
h - the height of the shaft, m

mg - moving linear equivalent masses, kg

m., - a unit mass of travelling cable.

When one can observe the effect of kinematic forces on elevator movement. Then

another force cannot be ignored. That force is Potential force can be expressed as.
Fp(h) = (m, + (h —h0,) - mg,) - g (3.9)

Where m, - System imbalance,
m.,- Compensation error.
g - Gravity

Fp - Potential force, N

When the traction drive is rotated, the power from the traction drive is transferred to
the elevator and counterweight. Traction sheet power is required only to move the
uneven load between the lift and counterweight. To calculate traction sheet torque

before sheave power is using these formulae.

Trs =(FF+Fk+FP)'rT?S (3.10)

Where Fy- Kinetic force, J

There is a transfer of power throughout the elevator system. Electrical power put into

the motor is equal to:

P = % (For an AC motor) (3.11)

Where V - Voltage
I - AC source, A

This power is then transferred through the output of the motor shaft,
P=Tw (3.12)

Where
R (3.13)
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Prs = Trs - @ (3.14)

Where Prg — Power of shaft, N/m
Trs — Torque, N.m

w — rotational speed of the shaft, (1/s)

The motor shaft speed is controlled to achieve good ride quality [23]. The power
transmission via the gear reducer reduces the output speed and the torque is higher.
The overall power will be slightly lower as the system is not 100% efficient. Tension on
the rope from the elevator pulley is equal to its weight. The tension on the counterweight

seam is W.C.

Generally, the efficiency of the geared machine for motor and gearbox assembly is 60
per cent. This efficiency was estimated at 2500 Ibs(Pound)., which corresponds to a

regular lift of 1.75 m/s. However, in this model, project estimation is to achieve 1m/s.

When the car moves the engines, it will only work for one object; both the car and
counterweight will be fixed to guide the tracks inside the shaft. They will stop everything
from swinging back and forth to take a backup set of wheels if something goes wrong
with the hydraulic fluid and the brake will automatically be released. Technically, on the
ropes of this steel, it is enough to hold both the car and counterweight and the remainder
of it for back-up in case a snapshot is made. Next to the engine is a governor with his
pulley and separate cable attached to the car. There are two spring-laden metal hooks
called 'fly weights' inside the governor if a car falls freely and the governor spins over
too quickly, centrifugal force spins out the hooks, stops hooks on a fixed inner band,

stops the rope pulley on the governor's arm and locks brakes.

When the elevator starts or stops, the speed or deceleration force can be expressed

with an equation of motion and the constant speed force.

F,=m. (v — vo) / t, (3.15)

Where F, - Acceleration force, N
vi - Final velocity, m/s
v, - Initial velocity, m/s

t, - Start or stop (acceleration) time (s).

The following analysis was done for continuous operation (no acceleration). The force

on the pulley is equal to the difference in the two tensions exerted on both sides. This
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force is equal to the user on the one side, and it is C.W on the other side. The net force

on the pulley (the drive pulley) is, Therefore:

F=(W,—W)/2 (3.16)

Where We- Force on one side of rope, N
W - Force on the C.W side, N

To find the required power to move the elevator, it must be known as either the
rotational speed of the drive shaft (connected to the pulley) or the speed of the elevator.

The power output is (assuming 100 per cent efficiency),

pe (We-WoV _ (We-Wo). o (3.17)
2 2

Where r - radius of the pulley, r

Force strain curve can be modelled by a 3rd-degree polynomial

F(e) = ke + k&2 + k&8 (3.18)

Where ¢ scalable variable calculated from t € [t t,]

k is spring constant

The elastic modulus is the quantity that helps in measuring how an object can resist a
given force that can deform it elastically. It ensures that a system usually operates with
failure. As such, it can help an elevator maintain normal speed and accuracy during

operations [24].

m.y,sin(y,l) — mcos(y,l) = 0 (3.19)
1 EA (3.20)
fn - ;Yn ;
Rotatory stiffness,
Kk =LA L4’ (3.21)
lrope 4
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——

- EA d?
rot lrope 4

Rotatory damping b = 2= - d{ (3.22)
rope

average value of EA = 105N (Pa)
Where Fn- natural frequency, Hz
L- length of rope, m
E- Young’s modulus, N/m?2
A- cross-sectional area, m?2

d- diameter. m

The properties of stiffness and damping, Maximum stiffness & damping used inside the
elements, which are parameterized according to ropes: Rope elements, Spring Damper
shaftSD, Slip inside traction sheave. The tension of the rope increases the value of EA

increases as well [24].

Figure 4 shows the Rope parametrisation done in SimulationX, for real-time calculation,
some additional parameter has been added in parametrization to limit the stiffnesses
and damping in SimulationX. The parametrization is an example how the values are
given in the SimulationX parametrization is done like python scripting has been shown

in Appendix1 as it is easier to write in that way and understand it.

¥ Ropes
Elastic modulus [steel rope PAWQ F3) esteelRope: |SDDDD ‘ N/mm® <
Cross sectional area (complete rope]  crossSectiondrea: pi*8*8/4/1000~2 ‘ me
Number of ropes numberRopes: |4
Axial Stiffness EA: |eSteeIRope*crossSectionArea*numberRopes ‘ M
Maximum Effective Rope Stiffness maxRopestiffness: |3E6 ‘ N/m M
Damping coefficient coeffDamping: |1 ‘ M
Specific Damping specificDamping: |15C'DC'DC'DC' ‘ Ms/m A
foial Damping bRope: |coeffDamping*specificDamping*crossiectionﬁrea*r s
Linear Density (mi/l) rhol: |D.28*self.numberRopes ‘ ko/m

Figure 4. Rope parametrization.

The Hamilton principle [25],[26] to derive the equation of motion of the complete

elevator system is stated as [27]
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J2(6Q' = bT1 + 8Wyc)de = 0 (3.23)

Where &' - Kinetic energy, J
I - Potential energy, J
W,. - Work due to non conservative forces acting upon the system, J

T: and T2 - Intial and Final time, s

The model is considered conservative when it is derived that is why work due to non-

conservative forces is neglected between t: and t2 .

The following equation in a matrix form describes the vertical response of the car,
compensating sheave and counterweight in terms of the modal parameters that have
been transformed into model coordinates that correspond to three longitudinal modes

of the system [27].
§= [S1S,S5]

S + [CIS® + [PIS®) + [YIT(G1 + 62)+ [YIT(F+ 1) =0 (3.24)

Where [Y] = mass normalised mode shape matrix

w 0 0 (3.25)
C=|0 w? 0‘
0 0 s
20,04 0 0 (3.26)
P=[ 0 2Lw, O l
0 0 200,

Longitudinal natural frequencies ( wi, w2, w3) can be estimated by obtaining the
eigenvalues with characteristics equation defined by 3.24. The coefficients {1, {2, {3

represent the three longitudinal modal damping ratios of the system [27].

The state of a system in which an abnormally large vibration is produced in response to
an external stimulus, which occurs when the frequency of the stimulus is the same, or
nearly the same, is known as resonance; as the natural frequency is when a system
vibrates when there is no force to drive it. It can be due to different thing sometimes,

it is due to too much damping or may be due to coincide of different natural frequencies.

In the elevator, the natural frequency is become when the system moves without being

driven by power. It depends on the stiffness of the system. Once the elevator has been
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set in motion, it can make a natural movement without exerting force to push it. Apart
from stiffness, the natural frequency depends on the mass of the system. It can be
calculated from boundary value condition or eigenvalue problem. As In high rise
building, there is an infinite number of natural frequency [28]. Here the residential
elevator is considered so only till 150 Hz natural frequency has been considered. Usually,
electromagnetic torque ripple exists around 90Hz and the main cogging torque
frequency around 180 Hz [23]. Frequency would be lower than 150 Hz when the car
reaches the nominal speed. However still, there are chances of a crash, where the two
different natural frequency of different parameters like rope, that leads to large
resonance and impact dynamic behaviour of elevator it can interrupt elevator service
sometime even damage the component of an elevator. Usually, the car vibrates,
particularly at those excitation frequencies close to the natural frequencies of the
elevator system model, so it is important to analyze the natural frequency [29]. A
number of discrete mass points can specify the nhumber of degrees of freedom (DOF) of
the system, the number of natural frequencies, and mode shapes that are being
considered. The natural frequencies obtained from the eigenvalue problem can be

expressed as[30]
w, = \/;\_n (3.27)
Where, 1, is nth eigenvalue of the spectral matrix

The natural frequencies and mode shapes of the system have been calculated. the
eigenvalues problem that determines the natural frequencies and mode shapes of the

system is stated as
—Ky = Mw? (3.28)

Where u- the modal vector
u - friction

w - fundamental frequency, Hz
Longitudinal natural frequencies can be estimated by obtaining the eigenvalues with
characteristics equation [27]
Ky— AD=0 (3.29)

Where 1 - Eigenvalues of stiffness

I- Identity matrix
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0 (3.30)

Ky=— — —
m M, M; M
kul ku3

0 -— =

M3 M3

The most crucial phase of undertaking dynamic analysis includes measuring natural
frequencies and their corresponding elastic-structured shapes in damp free, unforced
vibration. Mode shapes and natural frequencies are needed for any type of vibration
analysis. Various studies insist on increasing natural frequencies, and mass increase

causes its decrease [31].

wj: Natural Frequencies and Modes (Model) —

Eigenvalues Eigenvectors Deviation Distribution of Energy Campbell Diagram Animatior

Mode: |f3 = 3.0762 [Hz] v Eilter

Element Energy/Power
# Kinetic Energy Sum: 1.1561
# Potential Energy Sum: 1.1561
- Power Loss Sum: 1.4984

Figure 5. Natural Mode and frequency in SimulationX software.

The structure’s deformed shape at a natural frequency is known as vibration mode.
Figure 5 shows the natural frequencies and distribution of energy in SimulationX, where
it is possible to calculate energy, including power loss of each component. The frequency
of the first mode is a fundamental frequency abbreviated as fo. Kinetic energy is due to
load and C.W but P.E and power loss is mainly due to mounting motor, which are shown

in Appendix 5.

Mass of travelling cable added as variable mass depending on the position; it has been
used to balance the weight of a car, which is useful in calculating the vertical position
of the car.

ix, e ev(t)
Meomp = (10 + Yf271 ) " P1, cable (3.31)

With 10 — lcable —Yfix, shaft (332)

2

after putting the value of 1, in my,y,, in equation 2.18
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_ lcable — Vfix, shaft + Yrix, elev(t) (333)
mcomp - 2 * P1, cable

Elastic ropes & slip-on traction sheave pulley, where F..;., is getting calculated by

Ffriction = min (FKl' FKZ) : (exp(UiB) - 1) (334)

Where, B = 180°, Angle of contact (calculated internally)

u = 0.19, Static or sliding friction coefficient

Figure 6, shows the pulley where slip calculation between pulley and belt is shown

Figure 6. Pulley slip.

Slip is an action upon pulley and belt. Slip calculation between pulley and belt with Euler-
Eytelwein approach [32],[33], shown in Figure 7 that has been considered while

calculating friction torque:
Ttriction = Friction * d/2 (335)
Where friction is acting at the circumference of the pulley.

According to the Euler-Eytelwein approach [33], there are two parameters of influence,
one is friction coefficientp and other is contact angle B. Slip shows a slight speed
difference between rope and traction sheave, which is observable in the MBS model.
Figure 7 shows the parametrisation of the belt and pulley. Figure 7 shows the

parametrisation of rope where diffent value and formale has been used.
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" Consideration of Slip between Belt and Pulley [-> Friction)

Consideration of Slip slip: | truel v| [a11]| w
Friction Behavior kindF: | Elastic Friction [with Stick-5lip) v|
Options (Friction Torques) ... kindTF: | Internal Approach by Euler-Eytelwein Belt v|

Static Friction Coefficient mud: |D.1Ei' | = -

Sliding Friction Coefficient mu: |D.1Ei' | - -

Transfer Stiffness ke |1DDDD | Mm/rad =

Transfer Damping [+ |D.1*sqrt[k] | MNms/rad

Figure 7. Parametrisation of slip between belt and pulley in SimulationX.

Traction drive systems are designed to operate across a range of system design
parameters. Estimation of frictional charcateristics of traction system is one of the most
important step in any kind of physical model of elevator [34] and the traction calculation
can be possible via inequality formulae that has been originated from Euler-Eytelwein

approach [33], [34] are applied.

For traction mentioned during normal condition or Car loading and emergency braking
conditions

T1 _ ofa (3.36)

T2

For traction to be lost during Car/C.W stalled conditions or resting on the buffer

T1 S gf (3.37)

Where «a, angle of wrap of the ropes on the traction sheave
T:1 and T2 forces in the ropes situated at either side of the traction sheave, N
f is the friction factor, which depends on u , and geometry of Rope-sheave

contact configuration.

In stalled condition, car and C.W resting on the buffers and the machine rotating in the
“down/up” direction where protection against raising of the car or C.W is provided by

limiting of traction.

Emergency braking condition; The dynamic ratio T1/T2 has to be evaluated for the worst-
case depending on the position of the car in the well and the conditions (empty or with
rated load). Each moving element should be considered with its proper rate of

acceleration, considering the receiving ratio of installation.
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In no case, the rate of acceleration to consider will be less than
0,5 m/s? for normal case

0,8 m/s? when reduced stroke buffers are used.

Car stalled condition; The static ratio Ti/T> must be evaluated for the worst-case
depending on the position of the car in the well and the load conditions (empty or with
rated load). Rated load, speed estimate of frictional characteristics of traction system,
and maximum acceleration under normal and emergency conditions are among the most

important parameters during the fundamental designing of a simple hoisting model.

Car Sag defined from the difference between unloaded and loaded car position. Traction
between a sheave and the rope arrangement rendered by the elevator system allows
for desired car movement. Damping, elasticity and the extended length roping
characteristics drive an elevator to sag, oscillate or bounce based on a change in load,
when the system’s rise is sufficiently large when the elevator car is landing [35], [36].
Car sag acquired by measuring car position relative to landing door position before and
after loading. Car bounce is measured using an EVA accelerometer. Vertical acceleration
(2) is used to analyse damping time and bounce frequency. Bounce is measured by
stepping out from an elevator. Acceptance conditions for car sag and bounce have been
declared as less than 2 mm is excellent and damping time is less than 1 second in order
to ensure customer satisfaction. Car sag of more than 5 mm, and damping time of more
than 3 seconds are considered as unacceptable. The car sag models use a specifically
calculated axial stiffness EA for the ground floor position to account for rope non-

linearity:

EA = 0.6 = eSteelRope * crossSectionArea * numberRopes (3.38)

Equation 3.38 has been shown in Figure 4, where this equation has been used during
parametrisation inside thye software. The calculation of this adapted stiffness can be
comprehended in the model using this approach; the EA value is changing depending
on the position. The formula of mass excitation for a single passenger stepping in an
elevator:

1
“Bu-pd),pu<1 (3.39)
m(u)={2( w— ) h
m, otherwise
Where p=t/ty

u is the scaled time with force saturation time t,,, and m, is mass of a single person.

Saturation time (ty, ) used in is 0,5 seconds
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The formula of mass excitation for a single passenger stepping out elevator calculated

using Hermite interpolation [37]:

FG) = Hi(®m; + Hp(§)m, ( 3.40)

Where m; - Masses at time instances at ¢, , Kg

m, - Masses at time instances at ¢; , kg

Hermite polynomials H, and H, are written as
_1 3
Hy(§) =2 (2 -35+8)

Hy(§) = (2 + 35— 8)
Where ¢ - scalable variable calculated from t € [t t,]

Excitation Mass is activation of Sagload for Stepln time and StepOut is the analogue

behaviour for step out the case. Car sag has been validated in section 7.2.1

Radial magnetic forces at the machine air gap could be an addition of torque ripple [23]
The radial magnetic force per unit area at any point of the air gap is obtained by using

Maxwell’s stress tensor theorem [38], [24] given a
Prd (6,1) = 5 {BY(6,1) — B{(6,0)} (13.41)

Where 6 - rotation angle w.r.t axis of symmetry of machine
MO - the magnetic permeability
t - the time, s
Bn- the normal components of the magnetic field around the air gap.
Bt - the tangential components of the magnetic field around the air gap.

Ws- fundamental frequency, Hz

The machine torque ripple and the radial forces generated at the machine air-gap
between the stator and the rotor [23]; It is possible to compute through FEM simulation.
The drive system comprises a permanent magnet synchronous motor powered via an
inverter that supplies a pulse width modulated (PWM) voltage [24]. The PMSM has 16
poles with a stator of 48 slots. The corresponding excitation frequency twice the
fundamental one, 2Ws, and it is the main harmonic of the radial force at constant
pressure. For analysing the set-up of a three-phase synchronous machine, a
mathematical transformation is known as direct quadrature zero( dq0) transformation is
used [39], [23].
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As the dq0 transform is applied to balanced three-phase circuits, the three AC quantities
are reduced to two DC quantities. The inverse transform can then be used to recover
the real three-phase AC effects using simplified calculations on these theoretical DC

quantities [23].

According to reference frame transformation theory [39], The three-phase variables,
currents and voltages, are converted to the dq reference frame, which rotates at the
stator current frequency [23], The dg components of the currents and voltages are kept

constant this way.

At the machine, friction and energy losses occur. The parameter Csh accounts for viscous
friction and other potential energy losses at the machine. A rough estimate of its value
was obtained by using the following equation, which is satisfied during the constant
velocity stage when mc = mw and vibrations of the opposite inertial elements are
neglected [29].

== Csn'Or — Cw 'Br — Cc'Or=0 (3.42)

Where 1- the torque measured at the corresponding travel, Nm
6 - shaft velocity
Csh — Friction and energy loss, watt

The value obtained is around 3 Nms.

Next, Elevator simulation is carried out by using software tools. Lumped-parameters
discretization (spring-mass model), the Rayleigh-Ritz method [40] or nonlinear finite

elements can be utilized for modelling rope inertia and weight [41].

All the equation mentioned above has been computed employing software SimulationX.
Parametrisation in SimulationX described in Appendix 1. Getting the simulation result is
easy just like MATLAB. One can get the simulation result just by dragging the cursor
(drag and drop). The Following Figure 9, shows elevator Vertical direction, speed, Lateral
Acceleration and change in kinetic energy respectively. The First graph in Figure 9 shows
the relationship between displacement and time; displacement is maximum till t=14s;
after that it started coming down and at t= 35 s it reaches the ground floor. This vertical
displacement is getting calculated with the help of equation 3.18 Second graph at right
shows that vertical velocity is maximum att = 0 to t = 15 s and 35 to 45 s when the
car is on the seventh floor and the car is at the ground floor respectively. The velocity
profile is composed of acceleration and deceleration stages and a constant velocity stage
when the system travels at around 1 m/s, which is happening between t= 15 s to t= 32

S.
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Car Displacement
-
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Time Time

Figure 8. Simulation result of car position(left) and car velocity (in right).

In Figure 9, the left graph shows the variation of acceleration at the time axis. The
acceleration is lowest at 14 s and maximum at 32 s and in right. The right graph shows

the change in kinetic energy.

” — Car Acceleation-630kg —— Change of Kinetc Energy - emaching Pk
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Figure 9.Lateral Acceleration result (at left) and change of kinetic energy (at the right).
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In the second graph at right kinetic energy due to vertical movement is maximum at 15
s and minimum at 31 s. It requires the use of the kinetics formula from equation 2.8 as
the acceleration and time given can be used in calculating the kinetics. It also involves
the speed of the system which is calculated using the formula in equation 3.8 and 3.9.
This is because the formula can help in determining the speed of the rotation of the
system. Further Vibration analysis has been done more elaborately in chapter 9, where

Validation has been done. It has been studied how different parameters affect vibration.

The formula for calculating the lateral acceleration is derived from equation 3.18 for
fining kinetics. ‘a’ is the acceleration and h is the height which time in the figure above.
Finding acceleration in this situation is as easy as the value of ‘h’ is given. The
acceleration depends on the high or low value of h on the x-axis. The coupling between
vertical and lateral vibrations is often assumed to be ignored because the lateral
vibration amplitude is assumed to be small [23], as is the case when the rope tension
is high, and hence vertical vibration is studied separately [42]. Following left Figure 10
shows elevator required torque and time relationship; torque is minimum at 13 s and

maximum at 32 s. The machine torque has been estimated from

Required torque - elevatorControl 1.reqT —— Electrical Power - emachine Pel

Nm
kw

200 -

100 -

Required torque
Electrical power

I —

100 | | | | 2 | | | |
0 10 20 30 40 s 50 0 10 2 . 40 s 50
Time Time

Figure 10. Required torque (at left) and electrical power (at Right).
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The measured three-phase current intensities [43] employing the quadrature zero (dqo)
transformation theory [39] that is being done with the help of PID controller. Figure 10
at right shows the electric power of the Car where it is maximum at 12 s when the car
started coming down and minimum at 32 s when it started going up direction, the power
loss of machine is maximum at 32 s and minimum at 0 to 12, 14 to 16 and 40 to 50 s

that has been shown in Appendix 2.

It is necessary to evaluate the vertical motion of the compensating sheave during
different emergency scenarios such as the brake activation and buffer strike to
determine the maximum vertical displacement of the compensating sheave. Speed is
getting controlled by VFD (Variable Frequency Drive) and it is mechanically controlled
by breaks. Gear etc. It only shows how the parametrization of brake has been done in
SimulationX to get the desired result, a more detailed description of modelling and

parametrization has been done in Section 5.1 Components of an Elevator system.

—— Signal Output - releaseBrakey —— Sate ofFriction (1,01 - tractionSheave

06 D4

06

Position
T
State of friction

02 08
0

" | | | | 1l | | | |
0 0 N | nos oW 0 0 1 10 o5 o9

Time

Figure 11. Signal output release brake (left) and traction sheave friction(right).

With the release of the brake in the software, the output signal is also observed. The
signal output is one between zero to 12 s and minimum at from 13 to 45 s. The output
signal can be found using the formula for finding the speed above. When breaks are
released, the radius of the pulley must be considered to find the actual output. The

formula for output is given by equation 3.17.
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In this, the minimum and maximum range of time must be considered. By inspecting
Figure 11, it can be seen how this method of speed control works successfully with this
air gap torque and release the brake. It covers a wide range of control where low speeds
are required at low torques but usually, this is not possible and the system becomes
unstable [44] for these reasons. The performance of variable voltage systems at
levelling is not as good and stable as more advanced systems [44]. However, here due
to system simulation, proper braking has been applied, and it is possible to get the
proper releveling. The Following Figure 12 shows internal force and external power due
to eccentricity. It was important to consider eccentricity value, i.e. as eccentric load

which can directly affect the system's vibration.

—— Internal Force - eccentriity i —— EtemalPover - eceniy e
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Figure 12. Internal force (at left) and External power (at right) due to eccentricity.

In the first graph, the force significantly decreases and then slowly increases from one
to 45 s. Besides external power is constant between 0 to 12 s and 32 to 45 s, but there
is too much resonance due to less damping between 12 to 32 s. In the above graph,
the two formulas for force, and power are applied. When force increases and decreases
gradually, the acceleration can be found as an increase and decrease in the movement
of the elevator involves time and speed. When external power is exerted, the output
formula can be used that can be used later to increase damping and to decrease

vibration, as eccentricity can induce additional stress or forces at the joint.
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In the end, some more parameter like power loss, air gap torque and angular
acceleration has been illustrated in appendices and signal output remains constant
irrespective of time. The angular acceleration and output are the same at the time of
landing. F can vary from 0,15 to 0,19, it just has been ensured that deacceleration
should always be less than equal to 0,5 m/s? as the friction is maximum at 0,19; As
such in equation 3.33, 3.34 and 3.19.

In this chapter mathematical model of an elevator system is described. The theory and
digital parts are linked here because this is a critical criterion for HIL simulation. It
demonstrates how the elevator's theoretical formulae function in SimulationX.
Experimental experiments were used to obtain device parameters such as the rope's
modulus of elasticity, stiffness, and eccentricity estimates of their values, which were
then used in simulations. It is essential to have a thorough understanding of the
engineering principles and models used in order to perform the system calculations.
This is essential for a correct understanding of the assumptions used in the formulae
and parameters for safety standards, and for hoisting machine modelling and

parametrisation.

This chapter also focuses on the maximum and minimum values that should be
considered while putting an available general elevator stable and balanced. The theory
section explains and justifies the sag and vibration during model validation after
identifying all the elements. It will be applied during elevator modelling in the next
chapter 5. The following chapter will go through all the technical terms, equipment, and

their states of operation used during the testing of elevator drive software.

46



4 TECHNICAL BACKGROUND

4.1 Mono 500

Mono 500 is a new powerful, and long-lasting residential elevator that can accommodate
eight or more passengers. This is a flexible elevator solution for new and existing low-
to mid-rise buildings with a smaller motor than previous versions and minimum energy

consumption [45]. It has a lightweight build with environmentally friendly technology.

Some silent features of Mono 500 include: -

1) Automatic wide screen doors for easy entry and exit

2) Smooth acceleration, deceleration, and accurate levelling for a comfortable ride.
3) A car and hoisting device that minimises noise and vibration

4) A pleasant, comfortable, well-lit car interior and easy-to-use signalisation

5) Millions of car interior material combinations to choose from

6) Mono 500 can cut electricity consumption when it is not in operation, leading to

reduced maintenance costs [46].

Figure 13. Mono 500 elevator
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Figure 13 shows the MONO 500 elevator where current improved drives software testing
is going to be implemented in this model. The KONE MonoSpace 500 combines proven
eco-efficient technology with ride-comfort and design innovations. Mono space 500 are
a machine room-less elevator powered by KONE EcoDisc where the elevator’s capacity
will be approximately 2000 AIA( American Institute of architect), Ibs(Pound) (800 kg)
speed of the elevator will be around 150, 200, 350 fpm( feet per minute) or (0.75, 1.0,
1.78 m/s) Landings 2 to 15 [47].

The current drive software testing is going to be implemented inside the MONO 500
model. The parametrisation of the hoisting was done based on the previous hoisting
Mono700 model. MonoSpace 700 was a previous hoisting model for a high rise elevator,
and It is a fully customizable machine room-less solution. The Hoisting model was
created and simulated inside SimulationX; this model was also Powered by KONE
EcoDisc with specification; Capacity 2000 - 5000 AIA Ibs (907 - 2268 kg) Speed 200,
350, 500 fpm (1.00, 1.78, 2.54 m/s) and a Landings 6 to 36 standard floors [47],[48].

""Monospace has been designed to take the quality of elevator experiences higher. These
elevators come in themes that are fresh and energetic, representing the five elements
of nature: Milky way (Space) SunGlow(Fire), Sandstone(Earth), DewDrop (Water) and
ColdBreeze(Air)""[49]. It offers more flexibility to choose the ideal elevator that adds to

the ambience, style and class of building interiors and exteriors.

4.2 System simulation

System Simulation is a set of techniques that use computers to simulate different real-
world tasks or processes. Computers are used to generate numeric models to describe

or display complex interaction among multiple variables within a system [50].

There are currently many software tools for system modelling and simulation to help
eliminate surprises reactively, and the computer-based system is built. These tools are
applied during the system engineering process. System Modelling is the process of
developing abstract models of a system with a model presenting a different view or the
perspective of that system. SimulationX software is one of those tools to model system

modelling used here to model the virtual prototype of an elevator system.
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Benefits of system simulation [51], [52], [53]:

Easy to design the model without programming knowledge
time-dependent of the entire system

Save time

Increase efficiency, precision and safety of the product

For an optimized product development

o v A W N

Meeting new standard and regulations

SimulationX: It is a software environment used to model the virtual prototype of an
elevator. It is a software framework for technological system modelling, dynamic
simulation, and analysis [54]. SimulationX encompasses complex behaviour as well as
a simulated environment for the device. SimulationX is based on the design language
of a non-proprietary model Modelica®. The individual parts, assemblies, and
subsystems are being represented for the design component. It includes mechanical,
electrical software (controller) and other physical behaviour [55]. It provides unique

support for real-time simulation to support HIL.

Their physical behaviour is defined through differential equations or can be specified
with characteristic curves. The software has been used in the industry for 15 years, and
it is mainly known for its GUI for various computer-aided engineering solution and data

formats.

Modelica: Modelica is a non-proprietary, object-oriented, multi-domain equation-based
language to helpfully model complex physical systems [56]. In Modelica, mathematical
models can represent any physical system, e.g., mechanical, electrical, electronic, and
control. A library that contains more than 1600 model component and 1350 function of
the different domain makes Modelica exceptionally proficient; a user can create a library
without any knowledge of programming. It supports the C++ programming language
[57]. Currently, software like SimulationX, Dymola, MWorks, AND MapleSim support the
Modelica language. All the major automation and power industries like ABB, Siemens,

Audi, BMW, Ford etc., are using Modelica.

Benefits of using SimulationX [58], [55]:

Measurements could be done in the 3D system
Simulations are done with modelling in the diagram view
3D visualization, 3D-Animations, 3D view of the models
Can import 3D cad files for visualization

integrated tool for macroing for multiple consecutive simulations

o v Ak W N

Intuitive user interface
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7. sensors can be added almost anywhere to the model
8. Create a digital twin of the system
9. Save cost by using virtual prototypes instead of building physical prototypes

10. Shorten development time by using the model to test quickly

SimulationX has the immense potential to model, simulate and automate complex,
technological systems where models can be built for custom applications. It real physics
element, making it real-time capable. A vast majority of SimulationX applications where
drive system, hybrid powertrains, mechatronics and vehicle dynamics are the most
important [54]. Additionally, preparing the hoisting model(virtual prototype of an
elevator), network modelling in SimulationX not only provides the user with a practical
and modern engineering solution but is also time-saving and has a long lifetime. Also,
software such as Microsoft Word, Excel, and COMSOL are compliant with this system. It
is repeatable and can provide better mechanical testing for HIL. However, complex
models take a long time to simulate; the software is not readily available and only
qualified professionals in the fieldwork with it. While training entry-level engineers to
use the software is essential, it is costly and time-consuming. Nevertheless, this

program certainly has more benefits than drawbacks.

4.3 HIL (Hardware in the Loop)

HIL is used to develop and test a complex real-time embedded system. It provides an
effective platform by adding the control plant’s difficulty to the test platform [59]. HIL
simulation is beneficial when testing the control algorithm on a real physical system that
is costly or dangerous [60]. The plant’s intricacy under control is included in the test
and development by adding a mathematical representation of all related dynamic
systems. HIL test bench is potent and very suitable for testing software automation
[61].

These mathematical representations are referred to as plant simulation; the embedded
system to be tested interacts with this plant simulation. A HIL simulation includes
electrical emulation of sensors and actuators. In other words, HIL testing is a technique
where accurate signals from a controller are connected to a test system that simulates
reality, making the controller work as its assembled product. HIL simulations have
provided the platform to perform otherwise costly, risky and as well as provided a means

to perform experiments with marginal extremities.
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Figure 14 shows one basic diagram of HIL testing. It describes how HIL testing works,
how it is connected to other devices and how a tester can do some specific device testing

using a real-time environment simulator.

Device Under Real Time Environment simulator

Test
)

-
I

Global variables
- ]

Diagnostic
} © communication

Test Control

Test configuration
- and control
—

=¥ (=

Figure 14. Basic diagram HIL testing[62].

The reason behind using the HIL simulator [63], [64], [65], [66], [67]:

To improve the S.W (Software) quality

To enable automatic testing

To enable the testing of real elevator cycle

To enable to test elevator commissioning /fault behaviour

To enable to test with different kind of elevator shafts

To enable to test of different elevator components and running parameters
To Increase the pace of drive software development

To reduce the testing time

© ® N o Uk WN =

To reduce the testing cost

10.To increase the reliability and repeatability

Figure 15 shows HIL systems; In general, It consists of 19-inch variable height racks and
various programmable power supply units with varying capacities depending on the
application. Powerful multi-core processors and a portfolio of modular I/O cards are
combined here [68]. The real HIL simulator that is being used for the drive software

tasting.
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Figure 15. HIL Real-time simulation[18].

The things mentioned above can be achieved by using KCE(KONE controller and
electrification) or using a test environment to run test cases or by using a shaft simulator
to simulate shaft signal, or by using an elevator simulation model to simulate how load

behaves like a car move in the shaft.

Benefits for drive teams:
I. Increase the coverage of automated testing
II. Enables fast feedback for SW(Software) development
III. Enables specification based on real measurements EBOi(Emergency battery

operation), EBDi( Emergency battery Drive internal battery), etc

The HIL simulation’s main advantage is that it provides a repeatable laboratory
environment for safe, flexible and reliable controller validation [6]. Controller
Performance and stability can be systematically tested without interference from other
unrelated systems, and reliability can be tested by controlled injection of disturbances
and faults. HIL also allows validation of the real hardware in an early development phase
without needing a prototype elevator because any missing elevator components can be
simulated. For these reasons, HIL simulations are more efficient and cheaper than test

drives.
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Description for HIL Component

The aim of the thesis was to develop an elevator model inside the HIL main control unit.
Here in this chapter, all the component of HIL testing is shown in Figure 16 that is being

used currently has been described.

[ Jenkins ]
A
\
[ Robot simulator ]
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Rigid Linkage
Motor 1 ( Motor 2
Frequency
- > Converter 1 \
M =
A
=]
Shaft Car Position Torque Reference Frequency
A Simulator K Beckhoff : > Converter 2

Figure 16. HIL layout.

HIL simulations consist of a combination of simulated and actual components in Figure
16. Alternatively, a real component can be emulated, i.e. replaced by an artificial
component with the same input and output characteristics. Ideally, each component
should be unable to distinguish between real, simulated, or emulated components are
connected in a closed-loop configuration. HIL, therefore, offers the flexibility of

simulation, where the use of real hardware offers a high level of reliability.

The key component of the HIL simulator are as follows:

Main Safety Control: Part of elevator electrics takes care of the safety. It cuts supply
power for the frequency converter if the safety circuit is broken. It is connected to TTS

BUS. The main safety control board cannot control the load frequency converter.
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Elevator CPU: The main control board of elevator electrics. Collect car and landing calls
and gives run commands to the motion control board. Typically, the CPU knows the

state of the doors and which are simulated inside the shaft simulator.

Frequency Converter: Power electronics for power conversion and motor control.
Control is divided into two main functions: motor control and motion control. (Drive is
under test only the software, the current drive is being used in the HIL laboratory).
Figure 17 shows the frequency converter with motion and motor control installed in that

it controls the overall speed, position and torque of the elevator traction motor.

e

me——

o o\

—_— ] O .

Figure 17. Frequency converter 1 with Motion and motor control in HIL Laboratary [59][60].

Motor control: It handles the speed and torque control of the motor. As the name
indicates, this part controls the overall functions of the electric motor. The controller
could be simpler or complex. The simple controller has simple functions such as the
on/off function [69]. The Servo motor in Figure 17, shows the motor control part. The
complex controller could control so many functions such as rpm of the rotation, direction
of the rotation, speed of rotation and protection against errors. However, every
controller does some common tasks, such as protecting the motor from overload by
cutting the power supply. Motor starters, adjustable speed drives and stepper motor
controllers that use microprocessors to control power are few examples of the motor
controllers. The input for the motor control is the speed reference and the torque
feedforward [69].
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Motion control: Motion control is one of the most recognised terms in the field of
mechatronics. It is responsible for more efficient and effective motion and automation.
Controls come in different technologies, sizes and capabilities to suit demanding
applications [70]-Control types such as ICs, PLCs, PACs, Industrial PCs. Figure 17 shows
PCB that serves as baselines component of many internal systems in motion control,

this board constitutes of SMD and socket component.

The PCB is a part of motion control. It calculates the speed reference according to the
run command from the elevator CPU. It also provides the torque feedforward and
controls the mechanical brakes [71], [70]. It calculates the car position according to the
motor encoder and door zone sensors. The new motor and motion controller are coming
with advanced and unique features such as heat dissipation, highly dynamic, excellent
efficiency. It can be used for any application that makes this converter more valuable
and easy to use for drive controller and protection. Table 1 shows the different features

and characteristics of motor and motion control, as this device is under test.

Table 1. Comparison between Motion and Motor control.

S. No Motor control Motion control

Responsible for speed and torque control. Responsible for motion.

2 The input for the motor control is the speed | It calculates the car position according
reference and the torque feedforward. to the motor encoder and door zone

sensors.

3 Controls generally manage the starting and | It provides the torque feedforward and
stopping of the motor. controls the mechanical brakes.

4 Protection against any faults or errors. It calculates the speed reference

according to the run command from the

elevator CPU.

5 Provides management to overall | All motion control contains the power
performance. circuit board.

6 Controlled manually and automatically both | Available Control types are ICs, PLCs,
way. PACs, Industrial PCs.

7 Each motor controller has some kind of | Different size and technology are

protection, relays that cut the power if the | available.

motor dissipates too much energy.

Frequency converter 2: It is the Variable frequency drive used to control the speed,
frequency and sometimes it uses an inverter. Figure 18 shows the second frequency

converter, i.e. connected to the load motor and used to give the same torque as a rope
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to load motor as in an actual elevator [72]. It is only being used for HIL testing in the

laboratory, not present in a real elevator.

Figure 18. Frequency converter 2 [73].

Shaft Simulator: A simulator for shaft signals as if the car moved in the shaft. Shaft
signals include car position in the door zone area (£130 mm) and final limit switches.
The input for the shaft simulator is the encoder pulses [20]. It does not exist in a real
elevator. The shaft simulator is connected to industrial PCs and Beckhoff through the
signal. Shaft switches in real elevator provide the information of the elevator to the

controller and, based on switch operation controller knows the exact location of the car.

Map (Maintenance access panel): MAP is the elevator user interface for the elevator
technician. It can be used to run the inspection, and setup can be started. It is also used
to reset MSC faults. The MAP contains the control board of the electrification system
[74]. MAP is usually located near the entrance on the topmost or second topmost
landing. MAP consists of a travelling cable, main safety controller, switch module, alarm
board, and lightning switch. Map connection shows how different panel, controller and
switch are placed inside the MAP. It is being used to give the command to the drive

and Industrial PCs. one can give the command manually or automatically.
There are two types of MAP 1) Door Map, 2) Wall MAP.

As the name suggests, one is mounted in the wall and the other is like a box that has a

door to cover usually, Door MAP is being used.
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Elevator traction motor: It works as a motor for lifting. When moving downwards, it
works as a generator and also generates power [1]. Nowadays, PMSM is used as an
elevator traction motor. The use of a permanent magnet in the rotor in the rotor of
PMSM makes it unnecessary to supply magnetising current through the stator for

constant air gap flux. The stator current is needed to produce torque only.

As a result, the PMSM would have a higher power factor (due to the lack of magnetising
current) and be more effective than the I.M [75] for the same performance. The
traditional wound rotor synchronous machine, on the other hand, needs motor
excitation, which is often provided by brushes and slip rings. This necessitates rotor
replacement and routine brush cleaning, both of which necessitate downtime. The
primary motivation for developing PMSM [2],[76] was to eliminate the SM's previous
disadvantages by replacing the field coil, do power supply, and slip rings with permanent
magnets. Figure 19, shows the elevator traction motor. If the car weight is more than
C.W then it will go upward, power of elevator traction motor will be high, at the same
time if C.W weight is more than car then it will go down and if both the weight of car
and C.W are same then it will not move; usually, it is not true in the real elevator

because there is always some friction and guides shoe rail.

Figure 19. Traction sheave motor [77].

Load motor: Load motor provides load torque for the elevator motor as if there were
real traction sheave, ropes, car and counterweight. The load motor is controlled by its
frequency converters such as ABB ACS880 or Danfoss as shown in Figure 18 The torque
reference is provided by the HIL elevator model [78]. There is encoder feedback from
the motor to the frequency converter [79],[80]. The traction sheave motor and load
motor is connected mechanically, and this load motor is only for testing. it is not

available in a real elevator, and it provides load during the testing.
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Robot environment: It is an Industrial PC and it is used as a robot environment
responsible for process control and data acquisition. It is one of the most powerful and
easy to control device. Figure 20, shows the Industrial PC i.e. connected to the Jenkins
server. There is an attached heat sink which is responsible for colling the box PC. It has

higher dependability and precision standards.

It provides better reliability, expansion option, and long-term supply than embedded
Pc, but It is costly than a typical electronics pc. It provides a controlled environment for
the installed electronics; it also provides additional colling with air filtering [81]. It is
dust and waterproof. It is a more robust and higher-grade power supply. It has a timer

to reset the system automatically in case of software lockup [82], [83].

Figure 20.Industrial PC (Robot environment) [79].

It is available in several shapes and forms are at the centre of a good range of diverse
automation tasks like control of machines, processes, networking of system components
and data acquisition [83]. For traditional control tasks, PC-based control technology
offers excellent scalability and adaptability and is hence progressively used in place of
hardware PLC.

Here the TwinCAT software will be provided as a base level of programming to execute
the software testing. The Industrial PC has one link port connected to the Jenkins server,
and instruction sets are complex. Apart from these components, there is an emergency
rescue battery connected with DUT to protect the equipment from any emergency
shutdown and provides power for a rescue run in the case of power off. Earlier, the
rescued battery was being used only once to open the elevator in case of an emergency;
after that, one needs to replace the rescued battery, but nowadays it is also more

powerful.
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4.4 Beckhoff

It is New Automation Technology Beckhoff implements open automation systems based
on PC Control technology. The product range covers Industrial PCs, I/O and Fieldbus
Components, Drive Technology, EtherCAT and automation software [84]. Beckhoff is
currently being used around the work in all Industries and plants for its different unique

and trusted (Drive) product.

Embedded computer is a microprocessor-based system, it is specially designed to
perform a specific task again and again, and it is a part of a more extensive system. It
combines the hardware and software to finish the specified task and withstand different
conditions. Embedded computers offer a smart alternative to PLC-based automation.
Embedded PC is essentially any specialized computer system implemented as part of a
larger device, smart system, or installation.

Characteristics of Beckhoff's embedded PC [85]. 1)Compact design, 2) Highly reliable
3) High efficiency, 4) Direct I/or Interface, 5) Modular options for extension and 6)
Mounting of the DIN rail [85]. Nowadays, it is being used in varieties of application such

as robotics engineering, heavy industries, process technology.

Configuration of CXxxxx Embedded PC

IHUUU[][J

—11

Figure 21.CXxxxx Embedded PC [84].

CX device series combines the features of Industrial PC and hardware PLC, making it
ideal for all control tasks. The CXxxxx has an Intel Atom® multi-core processor with a
clock rate of 1.75 GHz, making genuine multi-core technology possible in the Embedded
PC segment [85]. It has Two independent Gigabit-capable Ethernet interfaces, four USB
2.0, and a DVI-I interface has been described in Table 2.
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The CXxxxx is characterized by low power consumption and fanless design Figure 21
shows an embedded pc with its port and its characteristics. Table 2 shows all the port
and their description of embedded Pcs, Elevator dynamics is modelled in this embedded
PC. The input for the model is the elevator motor position (encoder). The load inside
the elevator and elevator parameters are given via the user interface. The outputs of
the model are the car position (encoder signals) for the shaft simulator and load torque

for the loading machine.

Table 2. legend for the CXxxxx above configuration [85].

S.NO | Component Description
1 Optional interface Space for interface such as EtherCAT, CANopen
2 DVI Interface Interface for a monitor or Panel
3 Cfast card slot Slot for industrial CFast cards
4 Micro SD card slot Slot for Industrial MicroSD cards
5 RJ45 Ethernet interface For connecting to the local network or the internet
6 Battery compartment Power supply for the battery-backed clock for time
and date
7 Diagnostic LEDs Diagnostic LEDs for power supply, TwinCAT and
optional interface
8 USB interface Interface for peripherals Mouse, keyboard, or USB
Diagnostic LED power supply | Diagnosis of power supply for embedded PC and
terminal terminal bus
10 Spring-loaded terminal +24v and | Power supply for embedded pc
Oov
11 Terminal bus (kbus or Ebus) Interface for EtherCAT Terminals or bus Terminals,
Data exchange and supply
12 Spring-loaded terminal +24V Power supply for bus Terminals
13 Spring-loaded terminal OV Power supply for bus Terminals
14 Terminal release Release the power supply terminal and therefore
the embedded PC from the mounting rail
15 Spring-loaded terminal, PE Spring-loaded terminals for power contact PE
16 Power contacts +24v, Ov, PE Power contacts for Bus Terminals

The elevator model can also be parameterized via an automatic tester interface. The
model can control some switches in the primary safety control board. Inside the
Beckhoff, there is a PC with an OS. Both the Beckhoff and the simulator is connected to

a common point that is called a connector.

60



TwinCAT: It is a software platform and development environment for engineering and
runs time, a type of PLC and Development environment produced by Beckhoff; it is
considered Soft PLC and is one of the easiest PLC to use with Perspective. The
Development software of this PLC generally allows the execution of up to four PLC on
any PC without any cost; besides, it supports real-time, which is why it was advised to
use this TwinCAT based PLC [86]. Depending on the installed TwinCAT runtime
environment, the CXxxxx can be used for implementing PLC or PLC/motion control
projects with or without visualization. The execution of motion control applications with
interpolating axis movements is also possible. In combination with TwinCAT 3
automation software, The CX Embedded PC becomes a powerful IEC 61131-3 PLC that

can efficiently execute the motion control task [85].

Beckhoff PLC processes the encode pulses to speed and position signal. All Beckhoff
controllers are programmed using TwinCAT with TwinCAT 3, C/C++ and
MATLAB/Simulink. Here in this research, TwinCAT plays a major role in importing FMU
from SimulationX, described later in subchapter 6.2 FMU. TwinCAT automation software
integrates real-time control with PLC [85], and CNC functions; here it will provide the

base for tuning the Virtual elevator model for real-time operation.

The read/set parameters that are going to be used are:

1)Carload 2) Shaft speed 3) Rated load 4)Traction sheave radius 5) Roping Ratio 6) car
and sling mass, 7) counterweight mass, 8) Rope and car cable weight in mass per meter
9) Sag at the bottom floor i.e flexibility of the rope. 10)Car guide rail friction force, and

11) Counterweight guide rail friction force

Beckhoff control technology is scalable from high-performance Industrial PCs to mini
PLCs [84]. Beckhoff drive technology shows a sophisticated and complete drive system,
the motion control solution offered by TwinCAT automation software. The drive system
XTS (extended transport system) replaces classic mechanical systems with innovative

mechatronics; that is why Beckhoff is extensively used with drives.
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4.5 Jenkins

Jenkins is an open-source development platform and a Java framework with 100 +
plugins built for continuous integration. This is used through continuous integration to
automate software development processes and facilitates consistent distribution by
sharing newly created codes [87], [88]. It is a stand-alone app, and that can be used
on any Windows, Linux or Mac app. Jenkins is the most famous continuous integration
and continuous delivery solution. To carry out continuous delivery, Jenkins introduced
a new feature called the Jenkins pipeline. Figure 22 shows the Jenkins pipeline and how

it executes and work.

Code_ Build Test Release Deploy/
Commit Deliver
O O O O O
\ A\ A\ \ 9, U

Continuous Integration
and Continuous Delivery

i
<<
y .

é‘len}
Development \ j

Figure 22. Jenkins pipelines [87].

Production

Jenkins save time by triggering a built-in code as soon as any developer took the latest
code as if there were any errors due to any commit as soon as any trigger help was
notified to the developer. Continuous delivery can release software. It is a practice that
ensures that the software is always in a production-ready state. There are five main
Features of Jenkins that are namely 1) Distributed, 2) Easy configurable, 3) Easy

installation, 4) Extensible, 5) plugin.

4.5.1 Continuous Integration

C.I (Continuous Integration) is a programming technique in which developers are
expected to commit changes to source code multiple times a day or more regularly in a
public repository [89]. Any commitments made in the repository are optimized, and this

allows teams to identify the issue early on [89], [90].

Here, in this research, HIL deployment is being done using Jenkins and C.I as C.I
enable the development teams to deliver a large number of software testing and

deploying more frequently and reliably at low cost [91], [92]. C.I is seen as an essential
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method for improving software quality while keeping verification costs at a low level[92].
Different developers change to commit the code, develop the code and check the code

into a shared repository such as GIT / TFS. If it fails, it must be checked.

Earlier Integration used to be performed at the end of the cycle that was creating a lot
of error and code rework. C.I is now being used in many organisations that create and
test software; companies are using it to improve their product development. In this
regard, it can be concluded that today entire computer farms are more or less working
on building server and testing that perform intensive testing, and developer commit
change frequently and C.I can solve an intriguing testing problem - Table 3 shows, how
C.I save time, what has changed after the inclusion of C.I and how it is beneficial for

testing and deploying.

Table 3: Difference before and after continuous Integration.

S.No Before Continuous Integration After Continuous Integration

1 The entire source code was built and then | Every commit made in the sources code is
tested built and tested

2 Developers must wait for the test result Developers know the test result of every

commit made in the source code on the

run

3 No feedback Feedback is present

Cl is related to the concept of automated test execution frameworks, in that a regression
test suite automatically run before committing the code that ensures the stability of
code. It should be performed consciously if some test fails, a developer should debug
revealed by the test. This technique has reduced the timing and the code rework that
was earlier needed in the later phase of development. Figure 23 shows the basic C.I
workflow where it saves time by informing the developer about any error as soon as it

finds the error, and It shows how C.I have improved the testing process.

Some of the Challenging task related to C.I are how to shorten the save compile cycle
and move the checking additionally, test infrastructure should also be robust to work
even at the time of code churn. The software testing is usually assigned to skilled
professional. The basic idea behind CI is to commit, one or more times a day, all of the
working copies of the software on which different developers or groups of developers

are working.
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The industry is facing huge challenges while developing software and its testing and
Jenkins can help in automating the complete process, it checks the development at each
step of software evolution by making the work easier for the developer [88], [90]
Jenkins deploys the build application to the test server, so if the failure occurs, feedback

would be transmitted to developers immediately [88].
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Figure 23.Continuous Integration workflow.

In continuous integration, the code can be pulled whenever there is a commit made in
the source code and all the changes made to the source code are built continuously. C.I
and C.D produce good quality software [93]. Knowing all of the components, their
functions, and how they operate is vital because it aids in the procedure's
implementation and ensures protection. After specifying all of the components of the
HIL simulator and testing, the process and procedure for HIL testing are discussed in
Chapter 6: State of the Art.
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5 THE MULTIBODY ELEVATOR MODEL

This chapter explains the Multibody elevator system-the detailed approach used for
modelling the virtual prototype of the elevator inside the SimulationX. The modelling of
a multibody system is always a challenging task because it comprises several different
details. The study of the complex behaviour of interconnected rigid or fluid bodies, each
of which may experience significant translational and rotational displacements, is known
as a multibody structure. Multibody systems include automobiles, cranes, and robots,

etc. One such complex MBS is an elevator.

Figure 24 depicts a general multibody elevator system with all of its components,
courtesy of Otis Elevator. It demonstrates how individual elevator components are
connected to form a vertical transportation system (VTS). The entire elevator is depicted
in the diagram; it is the most typical and common type of elevator, consisting of ropes
that move through a pulley and are attached to the rope. The cable is wrapped around
the top of the elevator car on a sheave at one end and connected to the C.W that moves

on the guide rail at the other.

To avoid any vibration induced by dynamic forces as the elevator car moves along the
hoistway, the elevator shaft walls are very well fixed to the guide rails. The roller guide
and guide rails form the guiding interface between the building and the elevator car and
counterweight. The directing guide ensures the relative position of the elevator car and
counterweight, along with the height of takeoff. The elevator's control mechanism
pushes the motor upward, while the sheaves turn around, causing the elevator car to
travel upward. Similarly, the elevator car moves downward as the controller drives the

motor in the opposite direction.

All of the elevator components, function and design, are described later in this chapter.
Virtual models have begun to be used in laboratory research for the sake of safety and
expense. In system engineering, models play an important role since they can represent
any real-world structure or process and can solve any real-world problem. The model
will verify the system and detect failures that are common in real MBS systems. The
primary benefit of using a mathematical model is that it increases device performance,
protection, accuracy, and technological attributes while also lowering total costs. The
model should produce all of the necessary results in the same way that the actual

system can.
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Figure 24. A general hoisting machine [93].
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So, To predict and analyse the system response, a mathematical model of an elevator
is developed in Figure 25, which is similar to the general physical model as shown in
Figure 3. It demonstrates how individual elevator components are connected to form a
VTS [34], [94] also described in chapter 3. Where it is possible to vary any parameter
without changing the actual component, which is safer and cheaper. It includes a
detailed representation of the drive mechanism, as well as a 6- DOF lumped- parameter

model of the actual component.

The multibody modelling of the elevator system has been created inside SimulationX
,and it will be simulated. Modelling of the car-building interface components has
received more attention because it direct impact ride quality. In the mathematical
model, a single rope is used to describe a multi-rope structure. For concentrated mass
necessities, the CW, compensating sheave, and elevator car is used. It is inferred that

the dynamics of the system have no bearing on the dynamics of the building structure.

Figure 25 shows the structure of the simple hoisting model inside the simulation, and the
Virtual model should show the same behaviour as of real model. All the element Here
has been shown in Appendix 3. Modelling of the car-building interface components has
received more attention because it has a direct impact on ride quality. This model
represents an event when the car is placed at a certain shaft height and the auto electric
brake system is used on the system. As a result of car elevator restrictions, the

relationship between compensating and suspension ropes is also investigated.

The proposed real-time synchronization model combines a rigid multibody system
approach and a multiscale simulation approach [95]. The simulations of such multibody
systems are computed to determine the kinematics and dynamics of the system. The
multibody system approach is suitable for the describing the big motions for different
electrical, mechanical and electronic components. The virtual prototype of the elevator
model has been used in HIL test rigs, where data from a real system is used to validate
the analytical results. The SimulationX model is divided into six parts that will be

explained in detail in subchapter 5.1

1. Cabin incl. Guide Rails & Pulley Beam
2. Counterweight

3. Rope Fixation

4. Motor

5. Controller

6.

Parameter block
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Figure 25. Simple Elevator model inside SimulationX 1) Controller 2) Inverter 3) Release brake
4) Mount Emotor 5) Traction sheave pulley 6) Rope motor sling 7)Rope compression spring 8)
Pulley Car 9) Mass Car 10)Gravity 11) Sensors 12)Mass C.W 13) Pulley C.W 14) Car frame 15)
Electric Machine 16)Parametric block 14) Gravity.

Table 3 Summarises the model components with the required parameters and possible
results/outputs. The mechanical part of the model consists of Multibody system (MBS)

elements with two spatial DOF.
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Table 3. Model parts, parameter and output.
S.no Model Parts Parameter (Inputs) Outputs (Result)
1 Param Mono 500 Motor position
Cabin acceleration,
Car (including car velocity, displacement
suspension/car Stiffness of rope coupling, Position, | and twist, cabin-frame
mount, guide | cabin-mounting stiffness, damping | mounting forces and
> rail/shoes) and air density deflection
Counterweight Counterweight
(including guide rail displacement, velocity,
3 and guide shoes) The stiffness of rope coupling acceleration and twist
4 Sling/pulley beam Mass, Position, Centre of mass
No of rope, density & Elastic
5 Elevator ropes Modulus, position and Damping Vibration
Variable mass depending on car
6 travelling cable position, Rope stiffness and density Vibration behaviour
Motor supply voltage,
driving torque, rotation
speed, energy
Electric machine Datasheet motor, electrical consumption, losses,
7 equivalent circuit bus signals
controller structure, parameters and Acceleration, speed,
8 Controller floor position Jerk, PID and O/P Gain

5.1 Components of an Elevator system

Car: A car that moves in a vertical shaft to carry passengers (people) from floor to floor

in @a multi-storey building is said to be the car of the elevator. Here In the Mono 500

model, the maximum weight is 630 kg that can carry at least eight passengers (can

vary in Asian countries such as China and India). The car is one of the most essential

parts of an elevator. The car and its connected component inside SimulationX consist of

four important elements i.e. pulley, beam, guide shoes and car mount, that are

discussed later. These four elements are interlinked with each other and support each

other directly.

The inside of the car has been divided the car into two zones; The fixed values (mass

of door, the mass of car without load, the mass of sensor and mass of balancing weight)
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have been put in the zone while the values of variables (such as load that can be

changed every time) have been shaded under the one box.

In-car Vibration

How different filter has been put for the different vibration in order to get desired reduce
the vibration. Two different vibrations are present in the car e.g. horizontal and vertical.
Because of the usage, the vertical vibrations were mainly focused. To get these

vibrations, Low pass filter with 80 Hz frequency was applied to vertical vibration.

Pulley beam: A pulley is a type of machine with a rope that fits into the groove of a
wheel. By pulling the rope, the wheel would turn. It is used to lift the car. There are
three types of pulleys that are moveable, fixed, and compound pulleys. The compound
pulley was used because it consists of two or more fixed and moveable pulley
simultaneously. The ideal mechanical advantage of a pulley equals the number of rope

segments pulling up on the load.

So let suppose, four rope with four pulleys were used, and it has a mechanical advantage
of four, which means if a 100 N of force is applied to a pulley then with four mechanical
advantage, the pulley would multiply the force by the factor four and apply 400 N of
force to lift the car. Combining a beam with a pulley makes it a pulley beam which is

used to reduce the amount of friction, which makes it easy to lift the car.

This was connected to the lower car mount, car, guide rail shoes and compensation rope
of the car and C.W side. Car and pulley beam relate to frame elevator, which will decide
the initial position of the car. In the modelling, the beam pulley is separated from beam
mass, and there is elastoplastic mounting between cable and pulley beam. Guide rail
shoes directly connected to cabin and reference frame from frame elevator. The pulley
of a car similar to the real CW pulley and traction sheave. The Contact angle of the rope

around the pulley is 180°.

Real pulley beam in 3D is shown in Figure 26. The Traction sheave and pulleys where the
Internal transformation element belt was calculating the translational forces between
two rope ends and the mounting. Forces on the rotational axis are calculated based on
the rope running on the transformation element. Slip can be considered with static &

sliding friction coefficient.
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Figure 26. Pulley beam.

Car mounts: It connects car and pulley/sling, which is also referred to as car

suspension. Here in this model, only using Lower car Mount was used. The inside of the
lower car mount can be seen where the Cylindrical 3D spring element has been used
while modelling Lower mounts that provide stiffness in both directions (axial and radial).
In the configuration, three different symmetrical sets of springs per side have been used

on both sides.

Earlier, these three springs on both sides were used but now started using four pads
instead of the spring, two on the left side and two on the right side. The used mounting
element was the same from the Mono700 (that was with six spring sets), and here in
the Mono500, four elastomer pads are being used. Earlier, these three springs on both
sides were used but now started using four pads instead of the spring, two on the left
side and two on the right side. This behaviour can also (with neglectable deviations) be
modelled with these spring sets. Therefore, only the four elastomers out of the six
springs are being used in the model. A single spring was representing a set of springs
before. In addition, now, one spring represents one elastomer pad. The middle ones are

not active in the Mono500. Car Suspension on Sling Platform based on Coil Springs.

Counterweight: Counterweight is used to balance the elevator car, and at the same
time, it provides safety to the car. C.W is like a catalyst to the motor that reduces the
amount of energy motor need and it also decreases the amount of braking which
produce less strain on the rope. Furthermore, this increases the life of the cable and

makes the elevator safer. Figure 27, shows the C.W in the 3D view.

The frame of C.W define the initial position of counterweight based on car position, and
it provides the degree of freedom to the counterweight. Both the MBS element C.W and
compensationC.W define the mass, inertia, gravity and movement. Sensor CW is
responsible for the movement and position of C.W, then the Pulley C.W, which depict
the deflection of the pulley.
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Figure 27. Front (left) and back of C.W (Right).

Rope: It connects the elevator car to all the other component of the elevator system,
Cable is connected to the control equipment on top of the elevator and the elevator car,
cabling relay power. Arrangement of hoist ropes in which one end of each hoisting rope
passes from a dead-end hitch in the overhead, under a car sheave, up over the drive
sheave, down around a counterweight shave and up to another dead-end hitch in the
overhead. The car speed is one-half the rope speed. Figure 28, shows the 2:1 raping
ratio configuration in a general elevator that has been used in this configuration.
Flexibility of the rope and low internal damping characteristics largely determine the

resonance in the system that leads to vibration [23].
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Figure 28. Roping Ratio 2:1[96].
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In the modelling, the Rope length-dependent mass is split up into mass one and mass
two. The Spring damper element has been used to represent the rope length dependent
on stiffness and damping. Constraint one and two calculates the correct initial positions
based on the connected elements. The element is directional. Positive force direction as

indicated by the spring-damper element. Gravity is defined in the same direction.

Guide Rail and Guide shoes: The shoe is a sliding segment between the elevator
guide rail and the floor, that is being said to be tracked. It mounts the car on the guide
rail and makes the car move upward and downward. Oil cup upper lead shoe can reduce
shoe line friction and lead the rail. The guide shoe installation method is to place it in
the location of installation of the car frame's guide rail. After finding the right position,
use the bolt to fix it on the rail frame of the car guide. The installation must comply with

the following requirements:

1) Placing the upper and lower guide shoes in the appropriate position, they should be
on the same vertical side.

2) No slant or deflection permitted. Both roller guide shoes and fixed guide shoes meet
the same specifications.

3) Adjusted guide shoes are used mainly for FOVF systems, the clearance between the
two sides should be compatible and the clearance between the inner liner, and the top

of the rail should be inside O. Dimensions 5 ~ 2 mm.

The guide rail shoes connected to the cabin. There are two guide Rail shoes in the model,
one is a for car and the other one is on the Counterweight side to support.
The guide shoes that are mounted on the car will travel up and down along the mounted
guide rail that is built on the wall of the building's well way to prevent the car from
deviating or swinging. The guiding interface ensures the relative position of the elevator
car and counterweight along with the height of travel [94]. Lateral vibration directly
depends on Guide rail shoes, so it is important to provide a proper parameter to guide

rail shoes in order to reduce vibration.

The inside component such as stiffness and guide rail misalignment and sensor that has
been used for guide rail. There are four sets of guide shoes installed in each unit on
either side of the upper beam and under the safety clamp seat at the bottom of the car,
and four sets of counterweight guide shoes are mounted on the bottom and top of the

beam.

73



Travelling Cable: A cable made up of electrical conductors providing an electrical
connection in the hoist way between an elevator or dumbwaiter car and a fixed electrical
outlet. Elevator travelling cable is vital to the link between the elevator car and controller
[30] as shown in Figure 24 ,many of these cables are replaceable, with no serious
consequences from any failure. The standard size of travelling cables are bare copper
vest PVC made with the size of 0.5 mm? with PVC vest capable of withstanding
temperatures up to 700° C. It can withstand the temperature up to 70 °© C. It will be
put inside the car as some constant value like 0.8 kg/m. Travelling cable affect the
lateral vibration of the system. The dynamics of a travelling cable and Natural
frequencies has been discussed in chapter 3 and vibration and frequencies have been

investigated and validated in section 7.1

Electric Motor: In an electric motor, PMSM is being used at both the motor as elevator
traction motor and load motor. PMSM has numerous advantages over other motors such
as I.M(Induction motor) [2],[75],[97],[98] that are conventionally used for ac servo
drives. The stator current of an induction motor contains magnetising and torque
producing components [22],[76],[99]. Investigation into the Electromagnetic Field
Simulation of a Permanent Magnet Synchronous Motor As a result, for the same output,
the PMSM will have a higher power factor (due to the absence of magnetizing current)
and will be more efficient than the I.M. The standard wound-rotor synchronous machine
(S.M) [100] on the other hand, one must need to do excitation on the motor, which is

commonly supplied by brushes and slip rings.

This suggests rotor losses and regular brush maintenance, which means downtime. Note
that the key reason for developing the PMSM [2],[75],[76] was to get rid of the
preceding disadvantages of the SM by replacing its field winding, do power supply, and
slip rings with a permanent magnet. The parametrisation of the motor has been done

inside SimulationX.

Figure 29. Virtual Motor (left) Real motor(Right) [101].
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To achieve good ride quality, the motor shaft speed is controlled so that the car follows
a specified velocity profile w * m within the computer simulation, a well-known vector
control technique directed to the magnetic flux has been applied [102]. Figure 29 shows
the motor, it consists of a KONE eco disc, inverter, control model, protection and sensor
in SimulationX. Since the inverter and the emachine (Electrical machine) are directly
connected, the inverter will provide power to the motor in the event of a power outage.
Sensors have been used to detect any damage or faults as soon as possible. Since the
motor will not be changed at this time, only the motor has been installed; however, the
author will work on this later. Motor (PMSM) powered via an inverter that supplies a
pulse width modulated (PWM) voltage which will later help the model in providing high

voltage.

Controller: The controller is a crucial part of any simulation. It is considered as the
brain of the system [103], [104]; It contains the central operator logic of the elevator
system. It is connected to every part of the elevator system. It monitors the elevator
car and landing calls and allocates priorities to them. Various simulation models have
been developed for the inverter, cable and motor; also different simplifications degrees

were adopted to ease the simulation burden [105].

Most of the controller parts are still basic SimulationX models and these are not
necessarily identical with the industry controller. However, it has worked very well so
far, so it was decided to stay on this level for the controller part. A PID controller is used
to regulate temperature, flux, friction, rpm, and other process variables in industrial
control applications [104]. The system robustness of motion always requires very high
stiffness in the controller [70]. Here in SimulationX, all the controller element has been
collected inside one compound. In order to control process variables and to be the most
reliable and efficient controller, PID controllers use the control loop feedback
mechanism.

The overall control is cascaded:

1) The motion controller (FMU) sets the desired velocity for the PID controller based
on the current position, velocity and requested floor.

2) The PID controller sets the required torque based on the difference between
desired elevator speed (from FMU) and the current elevator speed derived from
shaft speed.

3) The controlled inverter sets the currents for the electric phases of the machine
firstly This control is based on a coordinate transformation of the machine into a

dq0 representation [43]. Then the control consists of several parts, including a
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PI controller for the current d and q with the mentioned gain estimated by the

inductance Lqq and which has been mentioned in the parameter of the inverter.

Parametric Block: A new element is used multiple times has been termed as a
parameter block (has been shown in Appendix 3) for hoisting machine (Param_HIL) in
which the most common parameter has been collected like general(initial and desire
floor, travel height), rope (stiffness, damping and linear density), drive( traction sheave

and Nominal torque) and position ( Fixation and traction sheave).

Reduced 1D Model (Code Export for Performance Check)

SimulationX application influences performance (i.e. by result windows, GUI, etc). The
model has to be run without the application in order to have a good performance
estimation; that is why code export has been done for performance check in which it
removed all the necessary element [49], [50]. The code export defines the models,
fixed-step solver (by using Euler forward integration method), calculation step size (0.05
m/s) and output step size (0.1 m/s). Only the output parameter has been used to check

the quality of calculated results.

Features of Reduced 1D model:

1. Controller & Emachine part of the HIL are not needed inside model
and it is substituted by torque source for a single run.

No animation and simple torque pre-set.

Stiffness of the ropes was limited to 3000 kN/m in the CodeExport models

Used for performance analysis & comparison.

i A W

Unnecessary elements got removed for the CodeExport to have a good
performance approximation.

6. Model without signal connection to the tester.

An overview of different solver settings, as well as the available fixed-step solvers,
available in the SimulationX help centre. The matter of choosing the best solver for the
problem and the system is very complex; However In the final models running on the
HIL, the Euler Forward method for fixed-step solver has been used because it has the
best performance In the help for fixed-step solvers, Heun’s method has a different
stability domain (area) compared to the Euler method: It covers a wider range of the
imaginary axis eigenvalues of the model. but it also comes with a longer computation

time, which was not double anymore for real-time conditions on the Beckhoff system.
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Stability for the solver method requires choosing the minimum step size such that the
product h A (step-size * Eigenvalue) lies inside the stability boundaries of the solver
for all eigenvalues A of the model. Using the SimulationX natural frequencies analysis,
these eigenvalues for every model can be calculated in the post-processing tab of
Natural frequencies under SimulationX. It means that a higher step size will not affect
the real-time boundary but will lead to eigenvalues outside of the stability boundaries,
leading to an unstable simulation. The model can collect multiple parameters while
testing simulation. Additional effects can be examined directly at the time of testing.
There are two models that has been prepared in order to check the performance and
The 1D elevator model was built as a performance benchmark. After comparing the 1D
and 3D model it can be seen that the 1D model is easy to use and takes less time to do
the simulation but compared to the 3D model, the 1D model only provides the vertical
movement and vibration which is enough for controller testing but still, it does not gives

the vibration in all directions.

Table 4. Comparison Between 3D and 1D Model.

Comparison 3D vs 1 D model
S.no 3D iD
1 Masses of CW pulley and CW | The mass of CW pulley and CW are together
separated and the pulley car comprises the inertia of the
two pulleys
2 PulleySensorCW gives the position of | MassCar comprises the mass of cabin, doors,
the pulley load & travelling cable
massSling comprises the mass of pulley beam &
two pulleys
3 Car and sling are connected Car and sling are separated by spring-damper
representing the mount elasticity
4 Guide rail interaction and It does not | No guide rail interaction and Possibility to give a
provide rail force over velocity rail force over velocity (e.g. by measuring from
MBS model)
5 It gives both the vertical and lateral | Only gives only vertical movement and
vibration vibration. No COM positioning in the lateral
direction (No of balancing)
6 More element inside the pulley, two- | Reduced pully element, two-car pulley with
car pulley with 90° contact angle 180° contact angle
7 Length of dependent mass of | Length dependent mass of complete rope is split
complete rope is together up to mass 1 and mass 2
8 Electric machine compound s | In drives, electric machine compound is split off
together
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Current, the 3D model is slower than real-time but it gives a simple and low-cost virtual

prototype [106], [107]. Table 4 summarises the differences between 3D and 1D model.

The motor current step response test (setup a step of the desired motor torque and
measured the motor current response) does not affect the motor, but it gives an inside
view of the realizable dynamic using this load motor. The step-response time shows the
limited frequency of the torque applicable with the load motor. Applying higher
frequency effects to the motor-under-test would require a setup that allows for a higher
dynamic. The executable model will also be created for all three models, elastic, elastic
with slip and rigid. The executable model and load result will be loaded into the
SimulationX curve set. Their FMU will be later put inside the Beckhoff then a
performance check will be done where the time element gives the dedicated time for
every single step. This model represents an event when the car is placed at a certain

shaft height and the auto electric brake system is used on the system.

The system analysis and design of elevator tends to be relatively simple with this
modern and advanced SimulationX software, i.e. equipped with relevant software
programme Modelica and different library that’s easily do all the calculation that is

described in chapter 3.

This chapter described how the system simulation work, why a virtual model is
necessary for simulation work, and how the model’s virtual prototype possesses the
same characteristics and behaviour as a real hardware system. How the elevator
component has been designed. The virtual prototype of the elevator model has been
used in HIL test rigs, where the analytical results are validated by data from a real
system. The proposed real-time capable synchronization model combines the rigid
multibody system approach with a multiscale simulation approach. The procedure

related to FMU and methodology will be discussed in the next chapter.
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6 STATE OF THE ART

The main aim of the thesis was to create a virtual prototype of an elevator model which
and later it will be put inside the Beckhoff for HIL testing. After the replacement of hand-
coded Beckhoff elevator behaviour and the load model by a code [108],[109] Functional
mock-up unit, it could be possible that is a simulation generated out of elevator system
models and It is possible by the use of hardware in the loop simulation [108]. This
chapter consists of a description concerning the procedures related to improvement and
drive software testing [110]. As stated above, the research was on to replace the
physical Model with a virtual SimulationX model. In the past, the hoisting model in HIL
was very simple because it only consisted of masses and inertia. The elevator industry
consists of a digital transformation because it moves from a state of physical testing to
simulation [109]. The research tries to improvise the previous Beckhoff system to

promote the testing method [111].

A lumped-mass model of point masses joined by springs and dampers with the
corresponding stiffness, and damping coefficients can be used to model the suspension
rope. A series of ODEs is used to define those models [23]. The number of individual
mass points refers to the system's degrees of freedom (DOF) and the number of normal
frequencies and mode forms that are taken into account. Through updating the models
at each time level, this method allows for the simulation of vertical vibration during
flight [24]. The roping ratio is 2:1, which means that the elevator car goes twice as
quickly as the cables. The machinery uses half as much energy to lift the elevator car,
and the elevator's load capability is doubled [108]. Some specific features are desired
for the HIL model. The considerations of elastic rope and rope slip play a very important
role.

The research would result in a hoisting model with increased stability. The first phase in
comparing results has been completed. The 35-second calculation time is reduced to
20-seconds, with the support of HIL or real-time emulation, the latest applications for
the HIL main control unit should provide the old features, and, the hardware equipment
will be replaced with virtual/digital components [110]. The Beckhoff computer code is

used to model the virtual load in current systems.

The following features should be used in the elevator model: Rope flexibility (3 mass
system), which considers damping and elasticity, although it will be built into a three-
dimensional model in the future for greater versatility, the rope sliding through the

traction sheave, and scripts for loading and unloading (predefined load change patterns)

79



Model accuracy will be measured outside of the test benches during model planning.
Along with project engineers, the resulting draft versions are implemented on-site
[110]. Previous efforts to use existing hand-coded patterns for elastic ropes and slides
in the HIL bench resulted in instability issues. If these phenomena occur in Simulation
X-based models as well, they will be investigated together. The HIL simulation models

that result from the draft models will gradually replace the motors in the test benches.

The new model must work at least in the car Position control loop, which contains the
shaft simulator. If the same model cannot be used in the load torque control loop
due to stability problems, a different (rigid) model may be used. Another key move
was to finalise the rope elasticity and slip value in the model. as a result, To begin,
the old stiffness value from the previous model (MONO 700) was used, and other
stiffness values were tested. Many Simulation was done to verify the model's

stability and vibration.

6.1 HIL operation and its Function

Hardware in the loop simulation is increasingly emerging from a control prototyping
technique to a framework for device modelling, simulation, and replication that
therapeutically combines many physical and computational prototyping benefits. HIL
technology is known as Hybrid testing or Model-in-the-Loop Simulation (MIL). HIL
simulations are described in a variety of ways [59], [111], [112]. It mainly plays a role
in acting as an interface between plant simulation and embedded systems under test
[113] [114]. In this case, HIL testing is characterized as a test system that uses both a

numerical model and a physical system to execute it.

HIL Simulator for Elevator Drive SW Testing

The purpose and testing of the HIL simulator for elevator drive software testing have
been identified in this case. The goal was to design the elevator model within the
Beckhoff machine. The mainstream implementation of emerging methods encourages
shorter times in the testing process, such as continuous integration. The HIL simulator
would explicitly delete research and measure a non-real-time simulation performed by
the workforce, giving more test precision [115]. Figure 30 represent the HIL testing
software and hardware component. The HIL consist of hardware devices that are brown
and software devices of blue colour which are available in the device. A normal line
means that it shows that the device is working normally because the signals are moving

normally,
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Therefore, a command can be executed. The motors are rigidly interconnected with each
other. The second motor works directly with the frequency converter, and they are sure
connected with an available three-phase wire and hardware and bus [114], [116]. The
frequency converter plays the role of taking an incoming power and converting it to
output power.

Motor control

Motion control

Encoder Yl sacoder

Busbar

~ 7

Elevator
Model

Shaft

simulator

Car pOSiﬁon hue referenc

(FMU on
Beckhoff)

Figure 30. Description of HIL testing the drive software.

The frequency converter consists of motion and motor control (the drive-DUT) and
hardware drive, together with the elevator model and simulator are in the HIL and it
will be tested. The elevator motor (Motor 1) and the load motor (Motor 2) play a role in
providing an encoder to both the frequency converter and the drive. TTS (Trip transfer
switch) is a kind of trip switch that can be used when transferring load or protection
from one bus to another. It plays a role in converting all the (safety) communication
protocols in the elevator. MSC (Main safety control) is the master of TTS communication.
The load frequency converter and the elevator frequency converter are under test since
they play a variable voltage and power responsible for controlling the motor. The
hardware in the loop of new models is used in cars as a control loop. It promotes the
carrying out of automated testing in the vehicles. It is important to promote stability by

using a rigid model in cases of load toque to promote equilibrium.
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The real-time hardware in the loop simulators helps in improving the simulation
analysis. The real-time simulator is interfaced to a type of prototype controller. In cases
of real-time simulation, the simulation time has to be synchronized with the actual time.
In the end, the computations for every stimulation time are completed within the same
time as that of the real world [117]. It enables an individual to test an embedded code
without the presence of a hardware system. The real-time computer hardware is one of
the determinants of the performance of the hardware in the loop. The real-time
behaviour can function well when the simulation sampling frequency is faster than that

the expected switching speed of the existing system.

6.2 FMU

Functional Mock-up Unit data is a file that consists of functionality that can be invoked
through co-stimulation or model exchange. It is a form of a ZIP archive that contains a
file that can be edited after generation from SimulationX by the Modelica [118]. It is an
open standard for exchanging dynamic simulations between different tools in a standard
format. It is an open format in which simulation models can be imported and exported

using different tools while maintaining the same Model.

Function of FMU

1. It plays a role in costimulation in the presence of an elevator model in the
Beckhoff, which has more details.

2. Function mock-up unit encodes different signal inputs. Intense development of
SimulationX's FMU functionalities to be compatible with Beckhoff's TwinCAT FMU
import [118].

3. FMU acts as an input of the parameters, which can be changed in the case of
the Beckhoff system.

4. FMU provides the means of model-based development for designing different

functions.

SimulationX code export

The overall simulation model stop functionality that is transferred to the FMU by use of
StimulationX code. The Model consists of solving a fixed step in addition to calculating
the step size. It plays a role in defining the inputs and outputs which are needed for
analysis. The stimulationX code export ensures that the safety and correct behaviour

are maintained with no critical behaviour.
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It is important to properly choose the real-time environment as a form of simulation
setting before the exportation of code. The process of accessing model parameters is
easy. It involves double-clicking into an empty region of the structure view. Through
this, an individual can get access to use the FMU through the parameter; simulation X
can lead to coming up with an FMU because of the availability of the post-processing
option. The generation of FMU is possible SimulationX through the Post-processing
option. MS Studio Express 2015 was used to modify the compiler in this study. When
optimizing, there should be no errors. If anything does not function, there is always the
option of inserting a value to test the outcome. The created FMU can be found in the file

path specified previously.

TwinCAT FMU Import

A TwinCAT import importation can be possible with Microsoft Visual Studio, Beckhoff
TwinCAT, Beckhoff TC3 Target for FMI. Before the actual importation process, it is crucial
to ensure that creating a user certificate with and activation of test signing is in place.
Execution of the FMU is done in the TwinCAT. It is vital for fulfilling the environmental
requirements that are in place with Beckhoff. The available hardware determines the

possibility of making changes in a file.

A backup should always be ready and available. The backup consists of any hardware
or installation process to avoid various damages that result when a system fails. The
most useful things that should be confirmed for functioning include the functionality of

the FMU and expected torque level during the operation of the FMU on the HIL.

Start of TwinCAT FMI module via menu TwinCAT; It involves choosing SimulationX as
Generation Tool and COSIMULATION as Solver (Only FMUs with included source code

can be imported)

The FMU is unpacked, and a C++ project is created after pressing Start the source code
located beside the FMU. TwinCAT attempts to create a C++ project. It is critical to
conduct sufficient model validation before developing the FMU to avoid any build failures
and delays in receiving quick feedback by using the technique of Regression testing in
C.I.

Import of the C++ project and object

The FMU can be included in the TwinCAT project tree, and the C++ object can be
inserted as well so that it is accessible at the top. The TwinCAT signing, TC certificate

name, and certificate password should all be saved in the project's property. The cycle
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time should be modified to match the step size of the FMU. Based on the priority, the
assignment should be changed. The parameter should be changed from
UseTaskCycleTime to phase size after FMU is activated from the result table. The
TwinCAT project is deployed onto the desired target using the activate configuration
command. The FMU will be used and executed if the C++ object is included in the project

tree.

6.3 Testing of HIL simulator

Hardware in the loop simulator test has been adopted widely to improve the quality of
different software. Different researches have been done over the years, and HIL
research has been used successfully in various applications. Compared to conventional
human-based testing, a HIL running testing framework is simpler and more impartial.
Multibody dynamics is used to explore the effect of integrating nonlinearity and
discontinuity into a HIL structure. Also, it was determined that the actuation system
delay frequency should be 20 times greater than the system natural frequency to

maintain the system simulation steady during HIL testing [111].

To commission and measure motor controls, HIL systems are applicable. The main
Physical hardware elements of these test systems include that has been shown in figure
33:
1. Electric drive motor for an elevator type
2. Electric motor for emulating the load of the complete elevator (connected to
the drive motor)
Drive motor controls
A Beckhoff system runs the load simulation of the elevator and sets respective

torques to the load motor

A PMSM is used in the drive mechanism, and it is a drive that is widely used in a
wide variety of motion control applications. It is operated by a pulse width
modulated (PWM) voltage supplied by an inverter. In Figure 30 the two frequency
converters can confuse; two prefixes will differentiate between the elevator
components: one for installation at the elevator user site and the other for load side
emulation in the HIL test. In the load drive, the torque comparison filter is used. Elevator
CPU sends run commands to the elevator motion frequency converter controlled by two
independent control boards. It would be more beneficial to first consider the workings
and functionality of Beckhoff as the Virtual porotype of the elevator model to be placed
within Beckhoff.
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Beckhoff currently performs three functions:
1) Contains an elevator model that will be replaced by a new MONO 500 MBS
SimulationX Model.
2) Makes related modules, such as the Load Frequency Converter and the Main
Safety Control, work quickly and efficiently.

3) Adjusts input/output values according to the interfaces' specifications

These parts only include Beckhoff detail, which entails how the Beckhoff will be
configured for the current hoisting model. Beckhoff is not related to the elevator model.
Manual and automated tests are presently being conducted out in the HIL laboratory.
While more than 100 cases are also being tested in manual testing, only approximately
15 cases are focused on in HIL primarily. Driving-only situations will be put in place in
the future to save time. The elevator model can be parameterized with the automated

tester, and it is still needed, but the interface must be changed.

The major types of errors currently being tested in the HIL Ilaboratory are
communication error which mainly consists of delay in communication time, an encoder

that causes signal problems wire, fault code, and elevator setup.

The pulse will increase by 16000 per turn and will also increase inside the PLC. The
Beckhoff code will be included inside the Model. At the start of the elevator simulation,
only the shaft simulator parameter can be modified or edited in the GUI. Since there is
no actual car, counterweight, cables, or tube, much of the elevator circuitry and elevator
motor is present. Since there is no actual vehicle going inside the shaft, the elevator
must be simulated using a shaft simulator. A gadget called a door zone sensor (DZS)
reads magnets mounted on floors in a real elevator. DZS and magnets are not found in
simulators that are not in operation. The DZS and the shaft simulator both have the

same signal for elevator motion control.

The various shafts can be simulated by adjusting the floor positions within the shaft
simulator and that can quickly shift the shaft from a three-story apartment building to
a 100-story skyscraper, for example. It runs on a PCB that is identical to that of the
elevator CPU but with different applications, Since the elevator model (inside the FMU)
depicts a damped structure, the simulated car can be stable in a specific location for a
given shaft angle. There is verification of the behaviour in the case of modelling in

SimulationX.
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That could happen because of HIL system time delay and insufficient hardware
performance of the FMU signals, and instability results from the shift of the control
signals. Both these cases can result in the increased oscillation of the output torque or
the HIL control signals, prevent the instability of the result by testing the model

performance.

To view fault codes and control elevator parameters, a special software programme has
been used. It's even been used to call the elevator from a vehicle or a landing. This tool
can also be used to adjust the elevator settings. The torque, strength, and torque of the

elevator traction motor can all be seen.

HIL Deployment

Deployment refers to installing, checking, and then running the program, and it is the
last step before testing. Some things needed to be developed before HIL
implementation, such as how the components are linked and their functionality which
has been described in section 4.3 HIL (Hardware in the Loop), and the safety and
security function [119]. Through this, great improvements can be made to the system.

The overall system outline was addressed and investigated,

Rigid Linkage

Elevator
traction
Motor

Car Position Torque Reference]
shaft () Beckhoff PP Frequency
simulator

FMU converter

Figure 31. Detail Schematic diagram of HIL Tester.

and the estimated torque level in FMU preparation, after which adequate explanation of
backup and restore management was given. Figure 31 describes the HIL testing, in which
the research team uses HIL testers for a simple elevator model; the simulation model

has been improved using a SimulationX model. The model is going to be installed on
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Beckhoff, reducing the testing time of the software from four weeks to 20 hours. Where
position will be controlled by shaft simulator simultaneously Torque and speed of car
will be given by frequency converter. If the current manual testing in a real elevator is
replaced with HIL based automatic testing, Jenkins and SimulationX models able to

reduce the error and aid in automating testing.

The elevator model's interface can be modified, and the shaft simulator can be
parameterized and monitored using PC tools. Since the Beckhoff elevator model and the
shaft simulator are not related, the shaft length must be set independently from the
Beckhoff elevator model and the shaft simulator. The response of the traction motor to
the torque reference step (via load motor) must be set up. There must be no delay in
the torque output if the rope versatility is modelled and the response is inputted as a
load torque to the elevator motor. The method becomes unreliable if the delay is too

long, so the phase reaction test is performed.

During the software update, an analysis of the adapted TwinCAT project was carried out
by replacing the original hand-coded model code with interfaced FMU, followed by offline
testing of various PLCs using plausibility checks, FMU with test signals stimulated
elevator FMU and stimulation of the Model with the measured signals. The following
instruction set was used to quantify shaft speed, torque, direction, and velocity in the
standard configuration (closed loop) where, the ABB torque relation set to zero / open
loop.
AbbInterface.rSpeedAct - Shaft speed measurement (ABB output)
AbbInterface.rTorqueAct - Torque measurement (ABB output)
AbbInterface.lrSpeedRef - Shaft speed reference (ABB input)
AbblInterface.lrTorqueRef — Torque reference (ABB input)

1.
2
3
4
5. MAIN.uiFreq - Encode input frequency
6. MAIN.IrH - Current position measured from bottom
7. GVL.yc - Cabin position

8. GVL.yw - CW position

9. GVL.vc - Cabin velocity

10. GVL.vw - CW velocity

The system was optimized for the model test by doing a backup of the entire HIL system,
including the PC and PLC, to prevent any potential damage due to malfunction, and,
Beckhoff PLC was updated to TwinCAT Beta software includes the installation of a TC3
target for FMI. Following the system description and Model evaluation, the HIL Model
was deployed, where tests comprise functionality and plausibility tests in the project

context. TwinCAT was prepared for the performance of a test model with no in-and-out
87



connections, and a performance model was tested in which execution times and PLC
workload were observed and analyzed to see what the predicted results were met.

The HIL Deployment can be subject to risk reliability issues and computational efficiency
bottlenecks. To address these issues, a simplified model would be created by omitting

some dynamics features or reducing some DOF only for performance testing.

e The Beckhoff system's performance bottleneck

For this purpose, a new different PC has been used, and since the complex MBS model
has more DOF, the existing Model of execution must also be prepared to use the latest
version of the TwinCAT program. Model computing complexity can be reduced by
omitting dynamic functionality and reducing the number of six DOF model components.
Due to a cost problem, the alternate test bench was not used. Furthermore, the latest
Model of execution must be prepared to achieve real-time operation, which necessitates

using the most recent iteration of TwinCAT software.
e Stability problems in the closed-loop control for load motor

The use of a torque sensor on the motor shaft, which is not mounted in the HIL tester,
will be a more powerful and stable version. It can be done using the virtual testbench
model. There would be no need for the time-consuming evaluation of this alternate
solution if there were no stability problems with the new installation. It could be one of

the options if there are stability problems and the possibility of installing a torque sensor.

6.4 Functionality Test

It is a type of software testing that ensure the system is operating as intended by the
business document's functionalities. This research and testing aim to see if the device
is fully functioning. Functional verification mainly involves black-box testing and is not
concerned with the application's source code. This testing examines the application's
user interface, APIs, database, security, client/server communication, and other

features. testing can be carried out manually or automatically [120].

For the HIL test, the functional characteristics of information systems should be
checked. However, there is little support for non-functional testing of MBT methods, and
non-functionality testing research is still ongoing by different researchers. As a result,
only the functional testing is carried out here. The test necessitates performing the

device design twice: once during implementation and then during testing.
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As the accuracy-test was carried out in the validation phase using ride comfort based
on car sag, bounce, and vibration levels, and the real-time capacity based on off HIL
and on HIL was carried out during the performance phase, all of these techniques were
used to achieve the best balance between accuracy and performance. Jenkins' C I. The
environment allows functional and output tests to be automated. For verification of the
results, measurements were taken both on and off HIL. Torque, position, velocity
acceleration, and vibration will be investigated with proper input and output during the
functionality evaluation. Functionality checks on a step-by-step basis

1. FMUs for testing from the FMI project [121]

2. On the Beckhoff system, the first models of the elevator model FMU

3. on the Beckhoff system at HIL [9]

Beckhoff specific

The Beckhoff embedded PC's two 1,75 GHz cores as described in section 4.4 Beckhoff

aren't quick enough to run both the PLC project and the FMU object on a single core. A

more powerful CPU is recommended for potential applications.
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Figure 32. Beckhoff importing of TwinCAT.

Beckhoff TwinCAT importing is seen in Figure 32. TwinCAT was able to use the second
core (shared, 80 per cent) as Windows could formerly use this core entirely and 20% of
the other core. Windows now have access to just 20 % of both cores as a result of this
update. According to a survey, the remaining unutilized TwinCAT CPU time is
immediately provided to Windows. Then secondly the second centre is only responsible
for the FMU mission. The maximum stack size value was changed to 4096 KB on the
same tab.
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FMU object to PLC connections

Connections between a PLC project and an FMU object do not exchange data
immediately after Activate Configuration with the used beta version of Beckhoff's
TE1420. The FMU importing in TWINCAT PLC is seen in Figure 33. The exchange begins
after the PLC instance is manually switched to the OP—PREOP—OP state in the TcCOM
Objects node. Some FMU parameter inputs, such as ratios and masses, do not allow for

zero values depending on the model structure.
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Figure 33.FMU importing in TwinCAT PLC.

Such inputs cannot be used with PLC outputs because data sharing begins only after the

OP—PREOP—OP state transition seen in Figure 33 Both the inputs will be set to zero

before the state transition, and the simulation (FMU model) will come to a halt

immediately. The number of modified inputs for current FMUs can be reduced in the

C++ project's.cpp file under TwinCATClasses. The number is defined by the third

parameter of the... fmi2SetReal function in rows. For example, reducing the number of

inputs to “3” allows only the first three to be modified cyclically. The other variables

remain at their initial values during simulation. PLC code change is possible when any

signal from and to the FMU has shared directly with the PLC code and only the PLC code.

Value changes are made in the PLC code if necessary. There are only four sections of

code changes; look for bFMU UseModel in the search bar.

1. In the declarations, a separate section

2. Calculation/setting of FMU parameter inputs, based in part on known variables.

3. From the FMU, retrieve the car's direction and speed.

Since the velocity is still used for security functions, this is only inserted as a comment.

It is not advisable to use the values from the FMU here, and if there are issues with the
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PLC-FMU link, the velocity could be 0 m/s, causing these security functions to fail. Before
uncommenting, either the FMU connection should be monitored, or the security
functions should use the calculated values more explicitly from the encoder input card.
4. Torque is given to the ABB frequency converter by inserting the shaft torque into the

elevator model selection section.

There is KONE model introduced in the PLC code, with the FMU variant being the third.
Some of the visualized effects (Velocity) are used in defence functions as well. Another
KONE model is used explicitly in GUI controls, where reuse is impossible. A more generic
approach to model collection and data visualization in the GUI would be preferable. After
parameters, such as position, velocity, acceleration, jerk and torque, were investigated
on HIL, with the ON HIL test bench providing the better results.

Since the elevator model (inside the FMU) depicts a damped structure, the simulated
car should stabilise in a specific Position for a given shaft angle. While modelling in
SimulationX, this behaviour was verified. However, due to two factors: first, the HIL
system's time delays (for example, in electronic components of the feedback loops) or
inadequate hardware efficiency, the FMU and control signals can experience a phase
change, resulting in instability. There will be increasing oscillation of the output torque
or either of the HIL control signals in each of these situations. The second scenario can
be avoided by testing the model on its own, after that various testing level has been
performed to check different scenario. Where verification, validation and defect analysis

has been investigated as shown in process chart in Figure 34.

Test level

There are three levels of testing: unit testing, integration testing, and regression testing,
all of which are conducted after the platform has been deployed to further boost the
software testing.

Unit testing, also known as component testing, is a testing method in which specific
units/components of the software are evaluated. It is the first and most critical stage of
checking after the coding has been completed [120].

Integration testing is the process of testing a unit without having complete control
over it and by relying on one or more of its actual dependencies, such as time and
database [122], [123].

Regression testing is a black-box testing methodology that involves re-running
experiments that have been affected by code updates. These checks should be run as

often as possible [120].
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It is being reviewed after a thorough understanding of the system and how it impacts
current features. The tests are chosen based on the frequency of defects and the
importance of the functionality. Many organisations automate GUI-based systems to
automate the tester. Still, it was not feasible because changing the script for each
modified GUI and then verifying was time-consuming, so this HIL and CI. has become
the nucleus of the test bench for both automation and software testing, combining test
sensitivity and robustness in most cases. Continuous integration is supported by test
code (script) (unit testing and regression testing). The HIL simulation was chosen as It
can reduce the time it takes for the production device to stabilize because it can detect
and correct most mechanical and electrical failures [124]. Functional checks are used to
validate the performance of software testing by supplying enough data and comparing

it to the functional specifications.

Velocity, acceleration and jerk have been investigated on and off HIL. On and off HIL.
The SimulationX model will eventually replace the hardware motor and load. The entire
testing process is summarized in Figure 34 where the dotted line shows the data and
result while the dark line shows the testing procedure, which includes parameter
selection, a virtual prototype of the model, code export and TwinCAT import of the FMU,
a HIL test bench, and functionality testing. To find the best balance between accuracy
and performance, performance has been investigated on and off HIL and ride comfort
of car sag, bounce and vibration, the wide range of assessment modalities available, as
well as sources of artefact and prejudice that can significantly skew data obtained from
a measure has been discussed and validated in the next chapter. Performance has been
examined on and off HIL, and ride comfort of car sag, bounce, and vibration has been
addressed and tested in the next chapter to find the best compromise between accuracy
and output. Multibody dynamics has been used to investigate the effect of incorporating
non-linearity and discontinuity into a HIL system. Real-time modelling of an elevator
using HIL has been placed that is providing wider software testing and has decreased

the testing time of drive simultaneously.
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7 VALIDATION

Validation of the model is vital during any research related to modelling as mistakes
performed during modelling lead to errors in test generation that can damage the
equipment and can be costly. the study includes seven sensitivity analysis. sensitivity
analysis is a systematic procedure for investigating how reported results vary along with
changes in the key assumptions on which the results are based [125]. In this chapter,
Sensitivity analysis of the model has been done, where the author has done the
numerous time simulation by changing different parameters such as load (No of
passengers), No of rope, stiffness of rope, Elasticity, Travelling cable etc. and have
analysed the effect on Rope force, car vibration (Vertical and lateral) - Vibration Peak
to peak value, Damping, car position/velocity and sag. As it was necessary to fix the
parameter, while there are different 1D model Variant elastic, elastic with sag and rigid
and 3D model has been prepared during the research, but here the author has validated
only the elastic with slip model as it was the most complex 1D model due to most no of
the parameter. Herein all the model some value was standard like there is four Rope,
the maximum load is 630 kg, the elastic modulus is 80,000 N/mm? and travelling cable

is 0,487 kg/m, but all these parameters have been changed to validate the model.

Here for validation, firstly, the data of a real elevator has been collected and measured
at the R&D site of KONE hyvinkaa that was considered as base value and author goal
was to achieve that same value from the virtual elevator prototype that prepared in
SimulationX. The author measures the real elevator velocity and vibration in all direction
and investigated it. Where the Low pass filter of 12 Hz has been used to remove external
noise. The vertical velocity and vibration in the X, Y and Z direction of a real elevator

have been investigated, where peak to peak value was approx. 55 Gal.

7.1 Sensitivity analysis of the model

Sensitivity analysis of the model has been done by changing the various parameters to
validate the model; by identified simulation parameters, the car's lateral vibrations are
investigated by changing several elevator parameters such as load, no of rope, travelling
cable, elastic modulus etc. All the simulation results match the experimental ones

precisely [126].
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Vibration comparison between virtual elevator SimulationX model and a real
elevator.

Figure 35 indicates a comparison between SimulationX and general elevator data
obtained in terms of vibration against the duration with which the elevator car moves.
The green line shows Car vibrations at 630 Kg, and the red line shows off-scale real
data.
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Figure 35. Comparison Between Simulation and general elevator data.

On the x-axis and y-axis, time and acceleration are mentioned, respectively. The value
in the graph of simulation and off-scale elevator data are simultaneous to each other
means very close to one another. Specifically, at approx 15 s, the elevator accelerates
downwards with consistent speed and becomes a free body for nearly at t= 3 s at
approximately 16 s and 31 s [127]. car vibrations go up to -0.5 m/s2, which is quite
good and in both upward and downward. The net force is pointed towards the downward
direction, indicating the elevator's acceleration is towards the downward direction. In
this context, the force of tension applied to the system is less than the elevator's overall

weight. The elevator then accelerates upwards in a constant period

The free-body data indicates a consistent vibration to the right, implying that the forces
subjected to the car elevator are equal [127]. During the 31st second mark, the elevator

accelerates upwards at varying velocities between 0.0 m/s2 and nearly 0.5 m/s2
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before descending downwards at a constant speed. The vertical vibration is normally
caused by torque ripple at the PMSM, which is transmitted through the car's suspension
rope [23]. Then at last between approximately at t- 31 to 33 s, the net force is pointed
upward implying that the acceleration is towards the upward direction. Therefore, the
tension force is more significant compared to the weight of the elevator. The off scale
signifies that the real elevator's data has been delay by some second in SimulationX to

remove the human error.

In the following graph in Figure 36, the overall effects are defined as the changes in car
displacement in comparison to the actual displacement. Offs Scale shows that the author
has delayed the signal for some seconds to remove human error. Initially, In the virtual
model, the car displacement is consistent between 0 to approximately 15 s at a
maximum height of 18 m as opposed to the real elevator displacement that remains
only consistent between zero and ten seconds [127]. The car displacement rapidly falls
from 18 m to 0 m between 15 and nearly 33 s, while the real elevator falls between
approximately 10 and 28 s seconds from 18 m to 0 m, where they both remain constant
for twelve seconds and seventeen seconds, respectively. Therefore, the data indicates
that the car displacement rate is more rapid than the general displacement, which is
relatively slower. Nonetheless, the average displacements for both systems are
relatively equal. The variance between both the car displacement is due to the late

measurement of a real elevator, i.e. just a human error.
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Figure 36. Comparison of Car Displacement and Off scale general elevator displacement.
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Case 1) Effect on car vibration due to change in load 80,240, 400, 630kg

The mass of load and passenger number often changes during elevator system
operation. The vibration behaviour is expected to change due to the varying elevator
load [128], so vibration due to weight variation has been done and good result has been
obtained from the virtual model. Figure 37 illustrates the impact on a typical elevator
vibration based on the changes associated with distinct loads subjected to the car: 80,
240, 400, and 630 kg, respectively. Generally, it is essential to initially consider that
guide rail shoes chiefly affect the lateral vibration of the car elevator while vertical
vibration predominantly occurs due to the flexibility of guide rail shoes and the rope.
The vertical vibration caused by torque ripple in the drive system, which is transmitted

to the car through the suspension ropes [23].

Vertical Vibration of Car-80Kg
Vertical vibration of Car- 240kg
Vertical Vibration of Car -400Kg
Vertical vibration of car-630kg

Vertical vibration of Car

-80 | J | |
0 10 20 30 40 s 50

Time( in sec)

Figure 37. Vertical Vibrations at different loads.

Figure 37 shows that the elevator car’s vibration amplitude is comparatively large when
the exiting amplitude force is near zero and at t - 40 s (at the time of starting and
landing the elevator) vertical vibration scale. The elevator’s vibration amplitude due to
different load does not vary much with the carload when the exiting force is near the
zero marks [129]. In fact, in the whole travelling time, there is slightly more peak

(vibration) at full load, but overall, it was a good result in order to validate the model.
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The following graph in Figure 39 shows peak to peak value for 630 Kg load. Also, the
highest peak value for 630 kg load is 11,24 Gal, and the lowest peak value is -2.881 Gal.
So, the peak to peak value at 630 kg load in Gal is 14,221 Gal. In a real elevator, it was
55 Gal, there is quite a difference, but work is going on to increase the peak to peak

value.
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Figure 38. Vertical Vibration of the car at 630 kg load.

Case 2) Effect in-car vibration due to changes in the number of ropes

According to a recent study led by Qiu et al. (2020),[127], the number of ropes has a
significant impact on the elevator car’s vibrational acceleration based on the peak-to-
peak gal values obtained from the system [127]. As the weight of the compensation
sheave, which gives tension to the compensation ropes affects the lateral vibrations due
to ropes [126], so it is important to analyse the effect of rope on vertical vibration. The
next graph shows the effect on car vibration due to the change in the number of ropes
specifically, vibrations of the elevator car are measured based on simulations involving
two, six and eight ropes. Figure 39, illustrated while the vertical vibration of the car is
almost the same with four, six and eight ropes, but the least number of ropes has a
more sharp peak value throughout the journey in both the downward, as well as upward
movement of the car elevator [129]. The graph mainly reflects the effect on car vibration

based on the number of ropes subjected to the elevator.
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Figure 39. Effect of Number of ropes on Vertical Vibration of car.

Considering the lateral axis at approximately 32 s indicates a downward motion
movement of the elevator car from the seventh position to the first position. In this
context, the ropes indicated the highest Gal value of approximately 53 whereas eight
ropes showed a slightly lower value of nearly 51 Gal. The number of ropes has a
significant effect on the car’s vibration. Specifically, the least number of ropes produces
more vibration compared to the increased number of ropes. The stiffness of the car’s
main rope is greater than the counterweight side; however, the car can follow the
traction sheave’s motion, although the rope stiffness prevents the counterweight from
moving in a similar pattern as the traction sheave. The counterweight assumes an
upward acceleration increasing the counterweight side’s rope tension, hence increasing

the vibration intensity.

Both Figure 40, presents data indicating the peak to peak value on different ropes, which
results from different vibrations of the car elevator. The first left Figure 40 involves two
ropes that indicated a peak line value of 19,915 Gal. The second simulation process
involved eight ropes that indicated a peak line value of 14,221 Gal, while the last process
involved eight ropes subjected to a car vibration which produced a peak to peak value
of 13,895 Gal.
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Figure 40. Peak to peak value of vertical vibration at 2 and 8 Rope in Gal.

The peak-to-peak value is also highest in the car vibration subjected to the least number
of ropes. These measurements indicate that the highest vibrations both in the upward
and downward movement of the elevator dependent on the least number of ropes
subjected to a given weight within the car. According to Watanabe et al. (2013), the
height and number of ropes of an elevator cause variation in the stiffness of the ropes
resulting in varying vibrations of the car [129]. Considering the graphical representation
above, the less the number of the ropes subjected to the car elevator the more the
peak-to-peak value of acceleration. Specifically, a downward peak represents an upward
motion movement of the elevator from the seventh to first floor. According to the
research led by Watanabe et al. (2013), [129] such a result is crucial in analyzing the

vertical vibration of an elevator based on its compensating sheave.

Case 3) Effect on car vibration due to travelling cable.

The cable length decreases with an increase in stiffness as a fully loaded elevator climb.
The major causes of a car vertical vibration include wire rope load misalignment,
securely fastened tractor bottom with bearing beam, nonuniform traction motor and
worm gear reducer misalignment between axes, gear meshing vibration within a speed
reducer and vibration experienced from running a tractor [130]. Moreover, the following
Figure 41, shows the effect on Car vibration due to travelling cable 0,435 kg/m, 0,87
kg/m. where It shows sheave vertical vibration due to different travelling cable. The

zero value in the Y-axis indicates the initial vibration at the time of starting the car.
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Figure 41. Effect on Car Vibration due travelling cable.
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Figure 42. Peak to a peak value at 0.87 kg/m travelling cable.

Car acceleration takes place from 0 to 14 s before attaining a constant speed [131]. It
then decelerates from 33 to 40 s. The following graph in Figure 42 shows the peak values

of vertical vibration due to travelling cable 0,87 kg/m. The highest peak values are
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11,45 Gal and the lowest peak values -3,034 Gal. So, the peak to peak value for 0,87
kg/m travelling cable is 14,484 Gal.

Case 4) Effect on car vibration due to suspension rope elastic modulus.

Further, the effect on Car vibration due to suspension rope elastic modulus is shown in
the following Figure 43. Where Sky blue, Green line, Red line and shows the car vibration
at 80,000, 60,000 and 100000 N/mm? respectively. It is essential to clarify the
relationship between the compensation sheave weight and the rope's lateral vibrations,

so it is essential to check the effect of rope and its stiffness on vibration by simulation.

Vibration of car- Elastic modulus -80,000N/mmz2-Default-mass- 630kg
Vibration of car- Elastic modulus -100,000N/mm2- load-630kg
Vertical vibration of car- Elastic modulus -60,000N/mm?2- load-630kg

300
Gal
200 [—

100 —

Vibration (In sec)
o
|

4

o

S
\

R

S

S
\

-300 —

-400 | | \ |
0 10 20 30 40 s 50
Time (in sec)

Figure 43. Effect on Car vibration due to suspension rope elastic modulus.

The effect on car vibration at 80000 N/mm? and 100000 N/mm? suspension rope elastic
modules is almost the same irrespective of different elastic modulus, but when elastic
modules decrease to 60, 000 N/mm? vertical vibration of the car abruptly increases at
the end ( t = 40 s). at the time of reaching the lift on the ground, the car is facing the
sudden vibration, and the author is working on the model to remove this sudden
vibration. Sudden large vibration due to flexibility in hoist rope, that has low internal

damping characteristics that usually determine the resonance in the system.

The peak may be also caused by the traction sheave and the mount motor. Since the

peak occurs at low elasticity, the tension on the rope is reduced. Stress may be the

cause of the high vibrations at the end. At t = 40 s, there is an abrupt loss of control,

but it stops after a few seconds. Furthermore, the high peak of vibration affects rope
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powers that are shown in Appendix 4 and the author is working on an electric machine

parameter to suppress this high oscillation peak that appears suddenly.
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Figure 44. Peak to peak value at 10000 N/mm? elastic modulus.

Following Figure 44 shows the peak to peak value at 100000 N/mm? suspension rope
elastic modulus. When the value of the suspension rope elastic module is 60000 N/mm?
then the peak to the peak value of car vibration is 14,772 Gal, and when the value of
the suspension rope elastic module is 80000 N/mm? and 100000 N/mm? so the value of
peak to peak car vibration are 14,221 Gal and 14,407 Gal respectively. Here in this case

peak to peak value is very slightly increasing.

Case 5) Effect on car vibration due to the change in mounting motor stiffness.

After observing the car vibrations at different elastic modulus, vibration has been
investigated due to different mounting motor stiffness. Figure 45 shows the effect on car
Vibration due to different Mounting Motor stiffness. The light green line shows the
default motor stiffness is 1040 N/mm. While Camel, Ocean blue and orange colour line
shows the vibration at 642 N/mm, 321 N/mm, and 1284 N/mm respectively. An analysis
of Figure 45 can help one identify that There is sudden excitation at t= 40 s at the time
of landing because of eMachine and velocity difference as shown in Figure 45, where
There is too much oscillation due to low damping. The car vibrates the most at 321

N/mm motor stiffness.
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—— Vibration of car- 630kg , mounting motor stiffness-1040N/mm-Default
Vibration of car- 630kg , mounting motor stiffness-642N/mm

——— Vibration of car- 630kg , mounting motor stiffness 321 N/mm

Vibration of car- 630kg , mounting motor stiffness-1284N/mm
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Figure 45. Vibration of Car at different values of mounting motor stiffness.

The vibration is induced by the ropes, electrical drive, and motors, which results in a
high-power loss. High tension at rope velocity varies after t = 40s, and rotor acceleration

varies from -1200 to 600 m/s? as shown in Appendix 5.
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Figure 46. velocity-difference.
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Motor imbalances, suspension rope motions, and mismatched guide rail profiles are all

common causes of structural vibrations, which can be very uncomfortable.

Figure 46 shows the velocity difference when mounting motor stiffness is 321 N/mm. The
peak to peak values that directly decide the jerk and sag on the car after the starting of
motor due to mounting motor stiffness 321 N/mm, 642 N/mm, 1040 N/mm and
1284 N/mm are 17,417 Gal, 15,462 Gal, 14,221 Gal and 14,285 Gal respectively, So peak

to peak value is decreasing while increasing the mounting motor stiffness.

Case 6) Effect on car vibration due to change in rope fixing sling stiffness.

Typically, cable deformation causes oscillatory suspension cable motions to decelerate
continuously. Since continuous deceleration reduces the acceleration variance due to
cable elasticity, dynamic cable solicitations are smaller [132], but here even after
changing the sling stiffness, it does not vary much. The effect on car vibration due to

change in Rope fixing sling stiffness is observed in Figure 47.

The rope fixing sling stiffness 102(default) N/mm change to 204 N/mm. The following
graph shows the vibration of a car at different Rope fixing stiffness values. Where orange
line shows the vibration at 204 N/mm while the green line shows vibration at default
stiffness that has been used in the model. Where the result is quite the same and there
is not so much effect on vibration due to different sling stiffness, that shows virtual
elevator model is giving good result and it is ready to use. The orange line, which shows
the vibration at high sling stiffness has a narrow higher intensity as compared to low

sling stiffness.

Figure 48 shows when rope fixing stiffness is 102 N/mm then Peak to Peak Value is 14,121
Gal. The following image shows Peak Values of car vibration at 204 N/mm. the highest
peak to peak value is 11.24 Gal and the lowest peak Values -3,113 Gal, so the peak to
value is 14,353 Gal, which is quite lower than the real peak to the peak value of 55 Gal.
However, it has been observed that peak to peak value is decreasing while increasing

the sling stiffness.
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Figure 47. Vibration of Car at different Rope fixing sling stiffness.

Vibration of car-630kg Rope fixing sling stiffness-204
12

Gal Line: 11.24

IN
I

N}
T

Vibration of car

0 AN NN A

L VVVVVLY

4

| | | |
-6
15 16 17 Time (s)18 19 s 20

Figure 48. Vibration of Car at 204 Rope fixing sling stiffness.
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Case 7) Effect on vibration due to change in max rope effective stiffness

Further, the effect on car vibration due to max effective rope stiffness is explained. The
graph in Figure 49 shows the effect of different rope stiffness on car vibrations. The green
line, orange line and blue line show the default maximum rope stiffness is 3000(default),
6000 and 1500 kN/m respectively.

Vibration of car- max rope stiffness-3000kN/m- 630kg
Vibration of car- max rope stiffness-6000kN/m- 630kg
Vibration of car- max rope stiffness-1500kN/m- 630kg
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Figure 49. Effect on car vibration of different rope stiffness.

The elevator auto together with its counterweight undergo a significant upright vibration
simultaneously immediately the brake is applied at the traction machine as a result of
unusual behaviours. The oscillation also invokes the erect movement that opposes the
compensating sheave. The requiting sheave’s vertical displacement is assessed at each
car movement and position. The sheave goes down during the deceleration and
acceleration period [132]. The tabling rope’s stiffness at the auto surface is at its
maximum when the auto halts at the apex most flooring. Car loading state does not

seem to affect the vertical movement of the sheave at the shaft’ top.

It has been observed when the pulley beam stiffness is 1500 kN/m in LHS then the peak
to the peak value of car vibration is 15,96 Gal. Also, at 3000 kN/m and 6000 kN/m, the
peak to peak values of car vibrations are 14,21 Gal and 14,463 Gal, respectively, so

peak to peak value is decreasing while increasing the rope stiffness.
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The sheave’s vertical position is determined by the tabling strand’s stretch at the car’s
top-tonnage surface. However, when the car is stopped at the bottom while empty, the
sheave rises to the peak flooring’s level. This is as a result of the tabling strand’s stretch

at the motor surface being smaller due to the motor’s lightness align its counterweight.

The sheave receives significant vibration when the brake is applied. The elevator car
and its counterweight work against the braking force, hence rendering a vertical
vibration that continues as the car decelerates [133]. When it terminates, the sheave

gets twin opposing power and then invokes another oscillation.

If both vibrations are concurrent at the motor stoppage time, the second oscillation
magnifies resulting in a bigger one after the auto stops. The static exclusion relies on
the motor loading state and position. The maximum erect oscillation invoked by the
traction machine control is equal to the structure’s elevation. Simply expressed formulas
regarding static displacement and maximum vertical vibration can be implemented to

obtain the elevator’s optimal plan.

SAG 1D MODEL

Elevator passengers may sometimes perceive the oscillation as undesirable or
uncomfortable regarding the dynamic car movement [36]. The load-bearing
components have a length and construction that invokes the elevator car sagging,

bouncing or oscillating effect when the car is positioned at desired floor levels.

The formulae for stepping in and step out have been defined in chapter 3. The subject
matter demonstrated in Figure 50 generally involves an elevator system, particularly the
system’s rope dynamic sag initiated from different initial floors. A roping arrangement
in a traction-based elevator system includes more than one roping component
suspending the elevator car’s weight and the counterweight [35]. Sag, i.e. the difference
between unloaded and loaded car position, i.e. 1.38 mm as shown in Figure 50. Negative
sign just shows the downward direction of the car. The effect is as demonstrated in the
graph above, shows the simulated sag is only 1.38 mm while the measured sag with

real elevator had 2 to 3 mm, simultaneously.
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Figure 50. Sag and its Vibration.

The measured vibration peak to peak value was 155.3 Gal and maximum vibration was
84 Gal However, in the simulated virtual model. The peak to peak value is only 146.8
Gal and the observed vibration on the first floor is 81.6 Gal. Using this approach, the EA
value is changing depending on the position, decreases to approx, 60 % of the nominal
value that shows more strain.

Where, EA = 16084.95 kN > 9650.97 kN

€ = 0.000201 < 0.000335
All excitations were investigated using equations 3.36 to 3.40, which were calculated

using mass excitation and Hermite interpolation, as described in chapter 3.

Validation with default configuration gives a good correlation for car sag due to some
real physics element; the measured sag improvement in the MBS model has been
improved. Physics element is tuned for real-time with accurate re-levelling that has
solved the sag and bouncing problem, it will not only make the ride Comfortable and

faster, but it will also be very safer for its user.
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7.2 HIL validation

7.2.1 Car sag

Figure 51, shows the on HIL and off HIL car sag vibration that has been compared and

investigated after HIL deployment and testing and it shows the better and smooth result

on HIL. The off-HIL 1D simulation uses the step-in

load calculation approach.

Refinement of the parameterisation assumable will show an even better result. The sag

has test has been done where the load has been varied from 0 to 80 kg.
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Figure 51. Car sag and Vibration Off HIL and on HIL.
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In Off HIL approx. 3 mm while on HIL, the car sag was found to be only 2 mm and it is

smoother, earlier off HIL car sag was starting later at approx.-13 mm but on HIL, it

started early but with less sag. Similarly, the vibration due to sag is also found to be

quite better.

The first graph (LHS) at Figure 51, where green indicated the real car vibration due to

sag and red line Indicates sag in the virtual elevator model. Earlier car sag vibration

was more frequent but now on HIL, it was not smoother; It is possible to decrease the

car sag and vibration more and the author is working on making it more feasible.
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7.2.2 Car position and velocity

Figure 52 shows the impact of on HIL and Off HIL on Car position and vertical velocity,
where it is shown how the result of on HIL provides the better position as compared to
real elevator position and SimulationX position although there is a need to shift the
signal by working on Beckhoff. Similarly, LHS of Figure 52, the Greenline shows the real
elevator position and the red line shows the SimulationX elevator model. As stated
above in a general elevator measurement had some human error and it had a big

difference in the target landing position. Here all the measurement was done with the

guide roller.
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Figure 52. Position and velocity [Left] Off-HIL(SimulationX) and [Right] On HIL.

7.2.3 Car Vibration comparison on HIL and Off HIL

The number of discrete mass points refers to the system's DOF as well as the number
of natural frequencies and mode shapes that are considered. By updating the models at
each time level, this method allows for the simulation of vertical vibration during travel.
Figure 53 shows the Car vibration comparison on and off HIL, where the L.H.S graph of
Figure 53 indicates vibration without HIL, where the green line shows the real elevator

measured vibration while the red line shows the simulation vibration. In Off- HIL, since
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the drive frequency excitation was limited, SimulationX had very narrow frequency

bandwidth and no torque ripple as compared to measured acceleration.

HIL vibration on the other hand in the R.H.S graph of Figure 53, was caused by a shift in
frequency spectrum caused by real drive that has not been set up properly by
SimulationX, as the drive has not been changed and it is causing extra frequency on the

overall system that leads to torque ripple also.
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Figure 53. Car Vibration off-HIL[Left] (SimulationX) and Right On HIL.

Higher excitation and peak at t- 45 s different profile due to controller setting In on HIL
Vibration, nonetheless, a good co-relation between the vibration level on and off HIL

was established.

7.2.4 FFT analysis on HIL and OFF HIL

Frequency varies according to lateral modes of car, rope and suspension according to
the position of the elevator car in the hoist way measured from the bottom landing level.
In Figure 54 left side shows the off HIL FFT and Vibration and the right-side figure shows
the on HIL FFT and vibration. the left-hand side of Figure 54, off HIL where orange line
represents the variation of frequency on SimulationX and Blue line shows the general
elevator measurement which has a higher peak at higher frequency ( at 68 Hz and 75

Hz), It also shows detail vibration Higher peaks in low frequency between 0 to 1 Hz due
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to change in velocity. There is also some more sudden peak Similarly on the right-hand

side of Figure 54, the orange line represents a variety of frequency and vibration on HIL,

where on HIL there is no peak of vibration at higher frequencies, peaks are only at lower

frequencies till 10 Hz. Both the above graph shows the detailed vibration between 0 to

5 Hz.
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Based on the car vibration values, the graph shows that vibration waves corresponding

to frequencies where the amplitude is approx 8 Gal measured while in simulation X

vibration shows 2 Gal and the subsequent one are started getting slightly smaller as

frequency increases, In both the graph frequencies have been analysed till 5 Hz for more

detailed insight, due to drive excitation on HIL, it is possible to get the more detailed

vibration at the time of the constant velocity section. The factor that can cause the

higher peak is velocity, compensating ropes and suspension [28]. As drive-system borne

excitation frequencies close to the elevator system natural frequencies [29], When the

car-to-hoistway interface is considered static and the car mass is taken into account,
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lateral movements are not permitted. As The input to the model is the encoder
increment over time i.e., input signal can excite certain eigenfrequencies inside the
model and test setup limits the mapping of higher frequency phenomena from the
encoder input into the model due to the interior of coupled motor and signal delays from
an inverter. Test of the load motor's response to a torque step through step response

test.

The natural frequency is higher at fundamental frequency in simulation at the same time
the real elevator has a natural frequency at somewhere around 75 Hz. The compensating
ropes can be excited at the fundamental natural frequency if the car is positioned at a
certain height that has some special frequency. The first natural frequency in the
longitudinal direction is twice the fundamental natural frequency of the elevator car,
suspension, and compensating ropes at the car side when the elevator car vibrations
are approximately 8 Gal. When the elevator car is located at a height of 18 m, the
external excitation of the car direction was set at the fundamental natural frequency of
the elevator car, suspension, and compensating ropes at the car side. In Appendix 6,
various energy, power losses at different natural frequencies with the exact value have

been depicted.

Benefit on the HIL:
1. Using the more realistic oscillating position for the landing sensors will result in
an enhancement of the landing and releveling procedure.
2. On-HIL the load excitation was applied as a hard step, showing response with
higher altitude.

3. The results show a good correlation between oscillation and damping behaviour.

Conclusion

Modelling an elevator car system’s dynamic performance forms a complex but important
task in the system’s design procedure. The requirement to assess the elevator
passenger behaviour makes the modelling endeavour more complicated. The results are
meant to evaluate the impact of the elevator car dynamics by comparing its damping
and stiffness characteristics [134]. The experimental procedure is simplified by
decreasing transmissibility measurements using the vibration frequency range.
Damping and stiffness coefficients are evaluated based on measurements and analysis

using a loaded and empty elevator car model. The model facilitates an optimal standard
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of the stiffness and damping elevator system traits after assessing its mechanical

behaviour while accounting for the dynamic loading effects.

All results are listed above especially rope forces, car velocity, car vibration, torque and
velocity of motor has been calculated and plotted through the help of SimulationX
software. The result has been performed by considering Eight people (passenger can
very in an Asian country like Asia and China where average weight is considered as
lower than European countries) where maximum mass could be 630 Kg, Considering
some constant values for maximum vertical acceleration, vertical velocity and the total
height of the elevator I.e. 0,5m/s? , 1 m/s and 18 m respectively. where the elevator is

moving from the seventh to the first floor.

From all these graphs, it has been concluded that decreasing in mounting motor stiffness
and decreasing the number of rope increasing the peak to peak value. decreasing the
rope elastic modulus giving some sudden large oscillation at the time of landing and the

author is working on it to remove that large vibration.

The peak to peak value was 55 Gal in a general elevator but the Virtual model is giving
only approx 20 Gal which is quite lower than a real elevator, that part still needs to work
on. Peak to peak value is about 14 Gal , increasing by two-parameter Rope and mounting
motor stiffness. By decreasing the number of ropes (2), Peak to peak value becomes
19,9 Gal, and that is the maximum that has been achieved) and peak to peak value is
also increasing by reducing the mounting motor stiffness (where at 321 N/mm, peak to

peak value is 17,41 Gal). Also, the result is better after HIL deployment.
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8 SUMMARY

The aim of the thesis was to develop an elevator model's virtual prototype inside the
Beckhoff unit (CXxxxx) to deliver more accurate software testing for drive-by using
hardware in the loop (HIL). The presented work proves to be feasible and applicable,
which is necessary for the future design of high quality and safe vertical transportation
system (VTS). A general multibody approach to analyse an elevator system that consists
of rigid bodies and wire ropes has been described in the thesis; SimulationX software
inbuilt Modelica has made it simple to design a model and simulate the system-. System
simulation enables faster drive software testing that will decrease the release time and

provide more comprehensive testing that is safe, reliable, flexible, and repeatable.

It is known HIL simulation is one of the high-tech approaches that combine theory,
numerical simulation, software, hardware devices, digital communications, data
acquisition, and control to give a complete mechatronic system [135]. Such a system-
level approach can simplify the development and design processes for complex systems
and their testing and validation at a low cost. While the Automotive Industry has

implemented HILS widely in their research projects and investigations.

In this thesis, the simulation was performed in humerous ways to get an optimised
output. PLC logic was used to achieve the results and validated by comparing the
available studies; in-depth research is being conducted in various fields such as elevator
mechanics, which helps install, maintain, or fix the elevator in the required position,
SimulationX software was used, which has some fundamental physics element that
allows the user to develop and analyse virtual prototypes for testing at various stages,
Hardware PMSM has been used to provide some motion, and Beckhoff hardware
embedded P.C. was used for control, within the embedded P.C., Beckhoff Twin CAT PLC

was used via Microsoft visual studio, which is responsible for executing the command.

For automation, the Jenkins open source automation server was used to automate
software development segments related to infrastructure, testing, and deploying various
commands for obtaining continuous delivery with integration. This resulted in a high
detailed elevator model, which runs on the Beckhoff PLC, & In-the-loop interaction
between model, load drive and drive-under-test. This HIL is being used in the MONO500
model of the residential elevator. It will also be used in another elevator model in the

future.
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For the elevator's proper functioning, a HIL technique has been used that can help in
testing and designing how the elevator should work. Alternatively, system simulation
can help apply various technologies using computers for the system's efficiency and
accuracy. The HIL testing technique is essential as it ensures the elevator system's
reliability and testing the interdependence and connectivity between the various parts
of the system. The simulation of the system is required as it ensures the safety of the

system. Without simulation, the elevator may have safety problems that can be harmful.

Validation result show advances in testing, re-levelling and controller accuracy of car
position. Sensor functionality in-car vertical vibration in the future will be scaled to
another elevator. As such, there is no need to invest in a more powerful motor as HIL

increases test coverage with sag and bouncing releases control pulley eccentricity.

Due to Multibody dynamics and high stiffness, HIL testing was a challenging task. As far
as author knowledge, no one has developed HIL testing in the elevator system yet. The
challenging part of the work was modelling, balance, accuracy, performance and HIL
deployment where currently available HIL equipment limit the simulation performance.
However, the sensor was used all around the elevator model to detect every
component's fault and behaviour. Most importantly, more than 450 automatic tests are
lasting only some hours. Customer safety and comfort has also been considered by

removing sag, bounce and by providing accurate releveling.

In the future, it will be possible to change the motor with SimulationX, and its drive
effectiveness could be verified by simulation results at different operating conditions
[22]; it will also have a possibility to be scaled to another elevator also. In addition, it
will also be possible to do the Customer problem troubleshooting, which can make a
similar setup that the customer has. Model-based systems engineering is the key to

understanding how a holistic system will perform.

-The current system simulation with the HIL technique is the landmark step in the field
of automated testing. It has helped to solve the problems associated with testing, such
as, due to increase of test coverage the HIL technique not only assists the elevator
industry but is extremely beneficial in any automotive industry also. Its contribution to
the automotive industry field has been good, and it can help solve many problems that
the Industry faces concerning the equipment it manufactures as it will decrease the
testing cost. The author believes that the elevator industry will have a new design and

technique that has fewer faults and has increased the elevator's overall life. It will take
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the quality of elevator experiences several notches higher for builder, architect,

developer and the end-user.

This thesis contribution includes:
1) Improvement in the Software quality.
2) Wider testing.
3) Enabled fully automatic testing.
4) Enabled the testing of the actual elevator cycle.
5) Enabled to test elevator commissioning /fault behaviour.
6) Enabled to test with a different kind of elevator shaft.
7) Enabled to test of different elevator components and running parameters.
8) Increased the pace of drive software development.
9) Less testing time.
10)High ride comfort by decreasing vibration from the motor.
11)Less power consumption by optimizing demanded torque.
12)Safer ride by removing sag and bounce.
13)Faster landing by more accurate positioning.

14)Virtual mechanical system allows changing any configuration.

The testing approach can be further improved by introducing a more detailed description
of testing and debugging. The approach can be tailored for more real-time applications
by using the simplified 3D model that is slow at the moment, but as the parameter is

the same for 3D and 1D; The work will be done continuously to make the 3D model run.

The comparison between the results obtained with the proposed approach and the
original hardware site results in a "real system" that confirms the effectiveness of the
approach, even in the presence of relevant sensor noise and modelling errors, the
effects of which have been extensively investigated through a sensitivity analysis.
Finally, the proposed approach's small amount of computational time assures

implementing it in a real-time environment.
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Kokkuvote

LOputdd eesmark oli arendada Beckhoffi seadme (CXxxxx) sees oleva liftimudeli
virtuaalne prototilp, et pakkuda rohkem ajami tapsem tarkvara testimine on teostatud
labi riistvara silmuse. Esitatav t66 osutub teostatavaks ja rakendatavaks, mis on vajalik
kvaliteetse ja ohutu vertikaalse transpordisiisteemi (VTS) edaspidiseks disainimiseks.
LOputdds on kirjeldatud tldist mitmikkehaga lahenemist jdikadest keredest ja trossidest
koosneva liftislisteemi analliisimiseks; SimulationX tarkvara sisseehitatud Modelica on
lihtsustanud mudeli kujundamise ja slisteemi simuleerimise. Slisteemi simulatsioon
voimaldab kiiremat ajamitarkvara testimist, mis vdhendab valjaandmise aega ja pakub
ulatuslikumat, turvalisemat, usaldusvaarsemat, paindlikkuma ja korratavamat

testimist.

On teada, et riistvaralise silmuse simulatsioon (HILS) on kodrgtehnoloogiline
lahenemisviis, mis (hendab teooria, numbrilise simulatsiooni, tarkvara,
riistvaraseadmed, digitaalse suhtluse, andmete hankimise ja juhtimise, et saada taielik
mehhatrooniline siisteem [135]. Selline slisteemitasandi lahenemisviis voib lihtsustada
keerukate slisteemide valjatdéétamise ja kujundamise protsesse ning nende testimist ja
valideerimist vaikeste kuludega. Autotddstus on HILSi juba oma uurimisprojektidesse ja

uurimistesse laialdaselt rakendanud.

Optimeeritud valjatuleku jaoks viidi selles 10putdds simulatsioon labi mitmel viisil.
Tulemuste saavutamiseks kasutati PLC loogikat ning selle kinnitamiseks vorreldi seda
olemasolevate uuringutega; pohjalikke uuringuid viiakse labi erinevates valdkondades,
naiteks liftimehaanikas, mis aitab lifti vajalikus asendis paigaldada, hooldada vdi
fikseerida, tarkvara SimulationX-i, millel on moni podhiline flilsikaelement, kasutati
voimaldamaks kasutajal arendada ja anallilisida virtuaalseid prototiilipe testimiseks
erinevates etappides, liikumise tagamiseks on kasutatud riistvara PMSM-i ja juhtimiseks
Beckhoffi sisseehitatud riistvara, sisseehitatud PC-s kasutati Microsofti visuaalstuudio
kaudu Beckhoff TwinCAT PLC-d, mis vastutab kasu taitmise eest.

Automatiseerimiseks kasutati Jenkinsi avatud Iahtekoodiga automatiseerimisserverit, et
automatiseerida tarkvaraarenduse segmente, mis on seotud infrastruktuuri, testimise
ja mitmesuguste kaskude juurutamisega pideva edastuse saamiseks koos
integreerimisega. Selle tulemuseks oli Uksikasjalik liftimudel, mis té6tab Beckhoffi PLC-
I, ja mudeli, koormusajami ja testitava ajami vaheline in-the-loop koostoime. Seda HIL-

i kasutatakse elamu lifti mudelis MONO500 ja tulevikus ka mdnes teises lifti mudelis.
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Lifti nOduetekohaseks toimimiseks on kasutatud HIL-tehnikat, mis aitab katsetada ja
kavandada, kuidas lift peaks to6tama. Alternatiivina voib siisteemi simulatsioon aidata
slisteemi tOhususe ja tapsuse huvides rakendada arvuteid kasutades erinevaid
tehnoloogiaid. HIL-i testimistehnika on hdadavajalik, kuna see tagab liftisisteemi
tookindluse ning slisteemi erinevate osade vastastikuse sdltuvuse ja (henduvuse
testimise. Slsteemi simulatsiooni on vaja, kuna see tagab slisteemi ohutuse. Ilma

simulatsioonita vdib liftil olla ohutusprobleeme, mis véivad osutuda ohtlikuks.

Valideerimise tulemus naitab edusamme liftikabiini asukoha testimisel, tasandamisel ja
kontrolleri tapsusel. Anduri funktsionaalsus liftikabiinis vertikaalse vibratsiooni korral
laieneb tulevikus edasi teisele liftile. Iseenesest pole vaja investeerida vdimsamasse
mootorisse, kuna HIL suurendab testi ulatust vajumisega ja vabastab pdrgatades

rihmaratta ekstsentrilisuse.

Mitmikkeha diinaamika ja korge jaikuse tottu oli HIL-testimine keeruline Ullesanne.
Autori teada pole keegi veel HIL-testimist liftisisteemis vdlja toétanud. T66 valjakutsuv
osa oli modelleerimine, tasakaal, tdpsus, joudlus ja HIL-i kasutuselevott seal, kus
praegu saadaval olevad HIL-seadmed piiravad simulatsiooni joudlust. Andurit kasutati
aga kogu lifti mudeli imbruses, et tuvastada iga komponendi viga ja kaitumine. Kdige
tdhtsam on see, et rohkem kui 450 automaatset testi kestavad vaid moned tunnid.
Kliendi ohutust ja mugavust on kaalutud ka vajumise ja porgatuse eemaldamise ja

tdpsema tasanduse tagamise abil.

Tulevikus on vdimalik mootorit vahetada SimulationX-iga ja selle ajami efektiivsust
saab erinevates téotingimustes kontrollida simulatsioonitulemuste abil [22]; seda on
vOimalik laiendada ka teise lifti. Lisaks on vodimalik |abi viia kliendi probleemide
torkeotsing, tehes sarnase seade nagu kliendil. Mudelipdhine slsteemitehnika on

tervikliku stisteemi toimimise moistmise voti.

-Praegune sisteemi simulatsioon HIL-tehnika abil on teetdhiseks sammuks
automatiseeritud testimise valdkonnas. See on aidanud lahendada testimisega seotud
probleeme, naiteks testimise ulatuse suurendamise tottu ei aita HIL-tehnika mitte ainult
liftitdostust, vaid on aarmiselt kasulik ka mis tahes autotddstuses. Selle panus
autotoostuse valdkonda on olnud hea ja see vdib aidata lahendada paljusid probleeme,
millega tédstus seisab silmitsi seoses tema toodetud seadmetega. Autor usub, et

liftitddstus saab uue konstruktsiooni ja tehnika, millel on vahem vigu ja mis on
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suurendanud lifti dldist elutsiiklit. See tostab liftikogemuste kvaliteeti mitu astet
korgemale nii ehitaja, arhitekti, arendaja kui ka I0ppkasutajate jaoks.
See [0putdo sisaldab:

1) Tarkvara kvaliteedi paranemist.

2) Laiemat testimist.

3) Lubatud tdisautomaatset testimist.

4) Lubatud tegeliku liftitstkli testimist.

5) Lubatud lifti kasutuselevotu / rikke kaitumise testimist.

6) Lubatud teist tltpi liftiSahtiga katsetamist.

7) Lubatud lifti erinevate komponentide ja sGiduparameetrite testimist.

8) Suurendas ajami tarkvara uuendamise tempot.

9) Vahem testimisaega.

10) Korgemat sdidumugavust, vahendades mootori vibratsiooni.

11) Vahemat energiatarvet, optimeerides ndutavat péérdemomenti.

12) Ohutumat sditu eemaldades I0tvumise ja pdrutuse.

13) Kiiremat maandumist tdpsema positsioneerimisega.

14) Virtuaalne mehaaniline slisteem vdimaldab muuta mis tahes

konfiguratsiooni.

Testimisviisi saab veelgi parandada, lisades testimise ja silumise Uksikasjalikuma
kirjelduse. Ldhenemist saab kohandada rohkem reaalajas rakendamiseks, kasutades
lihtsustatud 3D-mudelit, mis on hetkel aeglane, kuid kuna parameeter on sama 3D ja

1D puhul; t66d tehakse pidevalt 3D-mudeli kaivitamiseks.

Kavandatud meetodi ja algse riistvaraga saadud tulemuste vordlus "reaalse slisteemi"
tulemusel kinnitab meetodi tdhusust isegi asjakohase andurimira ja
modelleerimisvigade olemasolu korral, mille mdju on podhjalikult uuritud
tundlikkusanalllsi abil. LOopuks tagab pakutud lahenemisviisi vdike arvutusaeg selle

rakendamise reaalajas.
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APPENDICES

Appendix 1 Result and properties windows in SimulationX

=) Properties - massLoad (Model2) X

Parameters | Results| General 4 b

~  Forces

Inertia Force Fa: [&] ™ - -

' Motion Quantities

Displacement x [ m -
Velocity v & mys -
Acceleration a: [7] mys® -
" Powers

Change of Kinetic Energy Pk [F] w -

Figure Al.1 Result window to get the simulation result.

= Properties - massLoad (Model2) X

Parameters| Results General 4

W General Parameters

Mass m: E ‘ kg v @v
W Initial Values

Inital Displacement 0 ‘(\fparam_H\L.\mt\a\F\oon1‘5then elevatorControl1.fP1" elsei param HiLintialF | ‘ m

Inital Velocity W ‘D ) ‘ ms M

Figure A1.2 Properties and parameter of Carload.

Initial displacement - (if param_HiL.initialFloor<1.5 then elevatorControl1.'fP1'
elseif param_HiL.initialFloor<2.5 then elevatorControll.'fP2'
elseif param_HiL.initialFloor<3.5 then elevatorControl1.'fP3'
elseif param_HiL.initialFloor<4.5 then elevatorControl1.'fP4'
elseif param_HiL.initialFloor<5.5 then elevatorControl1.'fP5'
elseif param_HiL.initialFloor<6.5 then elevatorControl1.'fP6'
elseif param_HiL.initialFloor<7.5 then elevatorControl1.'fP7'
elseif param_HiL.initialFloor<8.5 then elevatorControl1.'fP8'

else elevatorControl1.'fP9")+0*param_HilL.carSensor
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Appendix 2 Simulation Result

—— Air-Gap Torque - emachine.Te
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Figure A2.1 Normal Air Gap torque at default value

Power Loss - emachine.Pl
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Figure A2.2 (Normal)Power loss at default value
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Appendix 3 Element in library of SimulationX

Table 5. Element of Hoisting machine.

S.NO Parameters Component in SimulationX
1 Total height of elevator travel/Sh
Nominal Torque/nomMT ‘\\

Many General parameters

2 Motor mounts/Mount motor
3 Motor/emachine

4 Pulley Beam

5 ControllerFMU1

6 Car
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7 Frame Elevator Car
8 Dummy car/Dummy C.W , there are
two dummy has been used one for car
and one for C.W
9 CarMounts
10 Rope compressor
There are two dummy has been used
one for car and one for C.W "
11 Guiderail Shoes ~ .
It has been used both the side( Car and \
C.W side )
12 Counterweight/cW
_|_
13 CW -> FrameCW
|
.+ |

136




14

ropeFixCar
there are two fixing element on both

the side of the pulley

|
15 Rope element( RopeFixCW, Rope -
motorCW and RopeMotorsling) has
been used for for fixing CW, motor and
sling
,),r'
|
16 Rope Compression SpringR
17 Pulley in 1 D
18 Release Brake

Y

Start-Up

time
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Appendix 4 Simulation Result

Effect on car vibration due to the cange in mounting motor stiffness.

Power Loss - mountEMotor.PlI
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Figure A4.1 Power loss due to mounting motor stiffness at 321 N/mm

__— ) . —— Vibration of car- 630kg , mounting motor stiffness 321 N/mm
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Figure A4.2 Peak to peak value at different mounting motor stiffness (left 321 N/mm, Right 1284
N/mm.
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Appendix 5 Simulation Result

Figure A5.1 Power loss due to car elastic modulus 60,000 N/mm?2

Power Loss - mountEMotor.PI
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Figure A5.1 Power loss due to car elastic modulus 60,000 N/mm?.
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Figure A5.2 Internal Rope force due to car elastic modulus 60,000 N/mm?.
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Appendix 6 Energy at Different Frequency

Mode: |[f2 = 2.7052 [Hz] b Eilter

Elerment Energyw/Power

+ Kinetic Energy Sum: 2.3097

+ Potential Energy Sum: 2.3097

= Power Loss Sum: 2.85036
ropebtdotorSling mass: o.oooo
ropebdotorsSling.sd 04349
ropetdotorSling. grasit, 0.0o000
ropetdotarCh sd 0.0346
ropehdotorChy . mass1 o.oooo
ropebdotorChW grassityF o.oooo
ropebdotorChy graseityF o.oooo
ropeCompressionSpri 0.0008
ropeFixChW. sd 0.0295
mass Ty’ 0.0000
massCakbin 0.0001
ropeFixSling.sd 04735
ropeFixSling.mass 0.0o000
ropeFixSling. grasityFc 0.0o000
ropeFixSling. grawvitwFo o.oooo
ropeComprassion=pr 0.0075
absFriction 0.0007

carkountBottorm 0.4325

N L T TR Aoaaan

Figure A6.1 FFT value at F2 mode 2.7 Hz

Mode: |3 = 3.8083 [Hz] ~ FEilter

Element Energy/Fower

+ Kinetic Energy Sum: 1.1923

-l Fotential Energy Sum: 1.1923
ropebdotarSling.sd 003151
ropekdotorChWW sd 005200
ropeComprassionSpari 0.3942 I
ropeFi<CW.sd 005190
ropeFi=CW, grasityFar 0.o0aa
ropeFi=CW, grasityFor 0.o0aa
ropeFixSling.sd 0.03331
ropelCompressionSpr 00636 W
cartountBottam 002111
mountEkotar 0.3657 I
tractionSheawve friction 01760 I

=l Power Loss Sum: 1.7809
ropebdotorSling. mass: n.ooaa
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ropebdotorSling. graswit, n.oona
ropebdotorCié mass2 n.oona
ropebdotorCidd sd 02363
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ropebdotarCW grawityf 0.0000

Figure A6.2 FFT value at F3 mode 3.8 Hz.
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Appendix 7 Simulation Result
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Figure A7.1 Car Vibration at different floor.
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Figure A7.2 Acceleration comparison of different 1D and 3D model.
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