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. Introduction to digital twin O e

* Digital twin refers to a digital replication of physical assets, objects, or processes in real space
through 3D modeling, including location, shape, movement, and state.

* Adigital space that is identical to a real space is called ‘digital twin space (DTS)’ and presented as a
goal to be pursued by the next generation of national spatial information.

* Digital twin space refers to a virtual environment that is identical to the physical environment of the
real world. It uses various data linked to the physical environment to monitor the real world or
analyze problems and simultaneously find solutions and reflect them in the real world.

* A smart city or smart society requires an integrated system of hardware and software, and DTS is the
most effective means of implementing a physical environment into a virtual environment and a
platform that connects the real world and the virtual world.

e Using real-world data, information obtained through monitoring, analysis, prediction, and simulation
in the digital twin space can be reflected in the real world to optimize operations, solve problems,
and prevent problems in advance.
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Introduction to digital twin

* The spatial scope of the digital twin space
varies depending on the purpose of use,
such as country, region, city, block, building,
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* |tis important to build a digital twin space - —
and continuously maintain, manage, and
update it. To this end, utilize existing data as Conceptual model of digital twin space

much as possible while introducing cutting-
edge equipment and new technologies to
improve accuracy, precision, and economic
efficiency.
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ll Introduction to digital twin

* Looking at Predix from GE, USA, which is similar to an
elevator, Predix from GE, USA, is a digital twin
development/operation platform developed for the
purpose of providing digital application services in the
manufacturing industry through an industrial Internet " . ESpEs S T Oyt

Capabilities Engineering Models

platform.

* ltis asolution that comprehensively supports operating
system, cloud, big data, and analysis SW, and provides
tools and services for utilizing/analyzing data from GE's
power plant's entire cycle of operation, including
materials/parts/equipment/system.

* |oT-based industrial internet/big data/cloud platform
supports collection, processing, storage, and analysis of
various information generated during plant operation

Predix platform concept diagram
management.

 GEis building digital profiles of all industrial machines it
produces, securing engineering models for the machines,
and developing 551,000 digital twins running on Predix.
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ll Introduction to digital twin

e Currently, the Digital Twin Process is being applied to the elevator industry in Korea by global
companies and is partially being applied by large corporations.

* In the case of small and medium-sized enterprises, it is difficult to apply the 4th Industry-related 10T,
big data, and Al required when applying elevator remote control, monitoring, and life-related
judgment technologies due to the lack of human and material infrastructure related to the 4th
Industry (DX).

 To complement this, apply Ansys. (elevator structural analysis) Mathworks. (Al, 10T) Solid works. (3D,
thermal analysis) PSIM. (power conversion, motor control, EMC) and elevator systems, algorithms,
and parts. Modeling and 3D library creation are required, which improves the reliability of the
elevator system and shortens the elevator development period.

* In addition, even during elevator maintenance, before service is possible by identifying the exact life
cycle of elevator parts.
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Why Digital Twins Are Necessary for the Elevator Industry NS2¢ seounversiy

e Defining digital twins based on business models in the elevatorindustry

- This is a Digital Twin Block Diagram that diagrams the

process of converting an elevator’s physical asset into a
digital twin asset. =

- Customer-Driven Design of the elevator enables 3D |
Modeling, Structural Analysis, and Design Optimization. N B — \ p—
Through this, Virtual Inspection, Human Connection, and = \ - mm
Bill of Materials of the Multi-Body System can be configured, ;J ‘ SR P
and Motion Analysis, Analysis (FEA, CFD) through
Simulation. , MTTF/MTBF, etc. can be easily checked. v

. . . Digital Twin Block Diagram
- Maintenance can also perform Predictive Maintenance,

Virtual Training for Maintenance, Big-Data & Machine Learning
based on simulation results, and use this to create data and apply
it to the actual elevator system.
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Why Digital Twins Are Necessary for the Elevator Industry 0
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e Effects before and after using digital twins in the elevator industry
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- The market utilizing digital twins is gradually growing, and the potential for future development is very high.

- By digital twining the elevator system and safety parts, it is possible to quickly change the design and shorten the
development period for new products through design, development, and certification, and analyze elevator
requirements and software-in-the-loop (SIL), hardware-in- Enables rapid design/development and verification
through the-loop (HIL).
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. Elevator tEChn0|ogy USing digital tWinS V3¢ SEOIL UNIVERSITY

1. EMI Filter Design PSIM Simulation

2. Elevator Simulation using Simscape Multibody

3. Safety assessment of mechanical components of digital twin elevator door system
4. Implementation of a digital twin model of an elevator door device using MATLAB

5. Digital twin model-based design workflow for elevator safety certification
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1. EMI Filter Design PSIM Simulation

* Understanding PSIM EMI Design Suite EMI Filter:
EMI filter enable: 0
EMI_filter_stage: 1
Cx: 6.8u
Cy: 100n
* EMI performance evaluation using EMI Design Suite is E*lifage*m O'Ooim
performed in three steps: Common Mode EMI:
Freq em_EMI: 200k
« Definition of elevator system parasitic parameters and some Amp_cm EMI: 815
. Amp_cm_EMI_Std: 63.6
EMI filter parameters. Differential  Mode EML
* Running simulation with EMI filter disabled. Record and enter Freq_dm_EME: 200k
the frequency and amplitude of CM and DM and the EMI Amp_dm EMT: 815
. Amp_dm EMI_Std: 63.6
standard level at the worst point when DM and CM exceed the
EMI standard Common Mode Capacitances:
S an | . . . . . C_le: 500p
* Perform an EMI filter design and rerun the simulation with the C_em: 500p
EMI filter enabled. C_cm3: 50p
C_omd: 50p
C_cmb: 100p
C_cmé: 100p
C_cm7: 50p
C_cmB: 50pd

EMI Filter Design Example
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1. EMI Filter Design PSIM Simulation A oo

» Utilization of PSIM EMI Design Suite (PMSM inverter drive for elevators)
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PSIM EMI Filter Design simulation circuit diagram
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1. EMI Filter Design PSIM Simulation N2 seovmves
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PMSM inverter drive Simulation waveform of PMSM inverter drive (motor current,
ESR, ESL_b, Cm1~Cm9 speed, voltage (C_link))
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PMSM inverter simulation waveform PMSM inverter simulation waveform (Differential Mode Noise)
(Common Mode Noise)



B} 1. EMI Filter Design PSIM Simulation
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PMSM inverter simulation waveform (EMI Noise)

PMSM inverter simulation waveform (EMI Noise)

I Note: The parameter file needs to be regenerated from the Design Suite
" when any of the input parameters are changed
1
It Parameters from User input
[ ———
EMI filter
EMI_filter_enable = 1; Ji EMIfilter disabled; 1 = EMIfilter enabled
EMI_filter_stage = 1 1-stage EMI filter; 2 = 2-stage EMI fiter
Cx =2.2E-08; Il X capacitance
Cy=1E-07, /Y capacitance
k_leakage_cm = 0.05; // ratio between L_leakage and L_cm of the common-mode choke
R_cm=00001; / Common-mode choke winding resistance
L - Common-mode Capacttances —————————
C_cmi =1E-10, /f common-mode capacitance, in F
C_cm2 = 1E-10;
C_cm3 = 1E-10;
C_cmd = 1E-10,
GC_cms = 2E-10;
C_cmé = 2E-10,
C_emT7 = 1E-10,
C_cmé = 1E-10,
C_cmd = 1E-10),
C_cmi0=1E-10
> E-11
E-11
E-11
E-11
E-11
/ Common-mode Noise - -
freq_cm_EMI = 169000, // Lowest frequency of CM noise where EMI standard fails
Amp_cm_EMI =80, // CM noise at freq_cm_EMI, in dB uV
Amp_cm_EMI_Std =77, // EMI standard at freq_cm_EMI, in dB uV
It D ial-mode Noise
freq_dm_EMI = 159000; // Lowest frequency of DM noise where EMI standard fails
Amp_dm_EMI =94, // DM noise at freq_cm_EMI, in dB uV
Amp_dm_EMI_Std =77, // EMI standard at freq_cm_EMI, in dB uV
Parameters from Calculation
R, V| —
fc_cm 00666.9022564028
fc_dm = 42305.52845080107
L_cm = 1.315567854550814E-05; /l inductance of common-mode choke, in H
L_leakage = 6.577839272754068E-07 /I leakage inductance of common-mode choke, in H
L_dm =2 55878852473713E-06. /I differential-mode inductance, in H. if L_dm = 0, L_dm is not needed
>
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2. Elevator Simulation using Simscape Multibody @) Jame

Model the elevator as a third-order multibody and analyze the rope stiffness relationship according to the speed, acceleration,

and acceleration of the elevator.
When changing the weight and speed components of the elevator service floor and car, the elevator vibration problem can be

easily accessed and cause analysis can be easily performed.

Elevator System composed of Simscape Multibody program

OOF,

MotorPulley

[53]
Elevator Floor Input

;
{>—B¥F—B
B /

ElevatorCabir
Counter\Weight

f)=0p— -
" Building CounterWeightPrismatic

Elevator Assembly

Elevator system simulation configuration composed of Simscape Building, MotorPully, ElevatorCabin, CounterWeight configuration diagram

Multibody
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2. Elevator Simulation using Simscape Multibody W orunvemy
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Structure of floors and railsinside the building RoofTop, PullyMotor, PullySubAssembly2, and PullySubAssembly1 configuration diagram
inside MotorPully
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ElevatorCabinand DoorMechanism configuration diagram inside

Cardoa speed profile functionand door configuration diagram inside
DoorMechanism
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2. Elevator Simulation using Simscape Multibody
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ElevatorCabin

\

CabinBottomPlate

CabinFrame2
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CabinTopPlate
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CabinFrame1

BeltEndElevators
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BeltEndElevator2

BeltEndElevator!

ElevatorCabin, CabinBottomPlate, CabinTopPlate, CabinFramel, 2.
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Configurationdiagram inside ElevatorCabin
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DoorMechanism internal Revoluteloint, Pully, BeltCableEnd configuration
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‘CounierWeigihAssembly

CounterWeight internal CounterWeightAssembly, RopeSpring, BeltCableEnd Graph logging speed and acceleration by elevator travel distance
configuration diagram

Cable stiffness effect graph on elevator acceleration Acceleration, distance, and speed graph of Door1 Joint of car door
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. 2. Elevator Simulation using Simscape Multibody w.
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* Mechanical Explorer (3D Animation) * Digital Twin Elevator




3. Safety assessment of mechanical components of () Mo

digital twin elevator door system >

1. Safety evaluation: structural analysis, life evaluation, damage analysis, etc.

2. Machinery parts/product testing: Machinery environmental resistance testing (vibration, temperature-humidity, salt water, etc.),

machinery noise/vibration measurement and analysis, etc.

H: 6 Applied Nozzle Load, e, HLL, D~25Hz
Toral Ceformation
Jype Total Deformation
Frequency 8 Hz <
Swesping Phase 12376 %
unt m

2000-02-15 2V 1054

The Endurance Limit is
observed as a horizontal
line on the S-N curve.

{l — D(12X |

0 10 20 30
Frequency, Hz




3. Safety assessment of mechanical components of

digital twin elevator door system

Considerations when verifying safety
Independence of loads acting on each part

Differences from actual conditions of expected load or vibration

Changes in elastic and damping properties transmitted in the assembly

Deformation
due to thermal
load

o an

Load and
vibration due

to belt tension

Vibration caused
by rotation

Sagging due to
door installation
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wb_hﬁdf SEOIL UNIVERSITY



3. Safety assessment of mechanical components of
digital twin elevator door system
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» Utilize load information of major components

- Structural analysis considering loads applied to major components

- Belt tension and load due to self-weight of peripheral devices, etc.
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3. Safety assessment of mechanical components of
digital twin elevator door system

» Utilize load information of major components
- Structural analysis considering loads applied to major components

- Belt tension and load due to self-weight of peripheral devices, etc.
won Mises (Nfm*2)

l 24580 +06

. 2.181e+06

_ 1.90% +06
_ 1.636e+06

1.363e +06
. 1.091e+06
_ 8.180e+05
5.453e+05
2.727e+05

1.576e +01

—p 8 6204408




3. Safety assessment of mechanical components of ) Kot
digital twin elevator door system e

e Utilize Realtime Sensing Data
- Structural analysis using real-time data of major components

Convert time domain loads collected from each part into frequency domain loads and apply them
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3. Safety assessment of mechanical components of
digital twin elevator door system

Neurora

SEQIL UNIVERSITY

é‘.‘-’ ==
&
RE

e Utilize Realtime Sensng Data * Compare results

von Mies N2

&
o o
< e

e

oo
a3 omese|
cans o]
#e1z e
613

' 136300

| P
s 2727 o1
15701

> 3% 5 620800

von Mizes (TlimmA2 (MPa))

%1160
A [ -
711600 | s
| [t o
28457600 | @
24355,30600 . 1735676800
| 208708000 2
1739768000 1043823000
13917459000 S50
| 1043323000 v
s
6350360500 >34 5 250000
34651250
a5

—p3I 0000




4. Implementation of a digital twin model of
an elevator door device using MATLAB

(@) Meoera
W32¢  SEOIL UNIVERSITY
* Configuration of elevator door device .
Controller (speed + vector control +inverter)

Motor & Belt & Pully

Implementation of digital twin model of elevator door device

Measuring part

-
o :
™ :
Vector control Speed profile o 7" \
M 3 o e
m!d—l_—.}t—@ ty = —F 5
o ™ [Ee | A O ures e
b L
mmmmmmm
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= t o N C i D .
- 8 B i I = v s k
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|2 T ey S s
E i 3 inverter
a " L
H
spring door

Synchronous motor :
and encoders
panel

Elevator door device




4. Implementation of a digital twin model of
an elevator door device using MATLAB
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* Driving speed profile of elevator doors

- Simplified into three sections: acceleration + constant speed +
deceleration for easy observation.

- Acceleration/Deceleration part is S pattern

Aw
v(t)= St (0=t < At)
2At?
Aw a Aw Aw
(t)=— —At) + ——t-At)+—— (At=t<
v(t) Mtg(t t) A3 (t—At)+—— (At=t<1T)

oty

Aparameter
wRef = 14.26; % top speed

fwdTime = ©.5; % Door opening start time
reyTime = 4- % door closing start time

opWaitTime = 1; % acceleration time
opAccTime = 1; % constantspeed time
clAccTime = 1; % deceleration time

- Opening 1000mm, Center open




*  SPMSM (synchronous motor) vector control of actual model

I
+ ig" + d- v
w —0—{ PI 4 0 S LN VA LN Vo
. - v
J i =0 ], L | svewm = o
vo—| pI Hof £ e,
, z—p
1 Inverse Inverse
4 Park Clarke
Transform Transform
d—q /| . [a=B/] .
iq Lg _ la o
iy ip iy S
a—p a-b-c
Park Clarke
2] ITransform Transform I
)
Absolute Encoder [&=— PMSM

The three-phase alternating current flowing in the motor is controlled by

two direct currents on the d and q axes.

4. Implementation of a digital twin model of
an elevator door device using MATLAB
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e SPMSM (synchronous motor) vector control of digital twin model
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* Inverter circuit configuration

- The actual model uses Mitsubishi's IPM semiconductor.
- Implementation of IPM digital twin model with 6 IGBTs

4. Implementation of a digital twin model of
an elevator door device using MATLAB

—
IGBT A(H)|

IGBT B{H)

IGBT CiH)
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Digital twin model of mechanical elements of the door device
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Implementation of a digital twin model of P
an elevator door device using MATLAB S5 ot v

* Experiment result

Q-axis current

(a) Current (@) Current

Speed (mm/s)

(b) speed

location(mm)

(c) Travel distance

(c) Travel distance

real model digital twin model



5. Digital twin model-based design workflow for JE—
elevator safety certification S sson e

1. Create requirements

Create requirements using Requirements Editor

Create a development “specification” that specifies all requirements for development as well as safety-related matters

Two-way compatible with Microsoft's Word and Excel

2 Requirements Editor - O X

REQUIREMENTS

I,_L;I' '._j B save - Edy Delete é I% ‘."? 9 q % Eé IEI'> @

& Import | Promote Requirement - 2
New QOpen == e Add (& Fromete Requiremen Add Show Show E Search —  Traceability = Export Help
Requirement Set Close Requirement Demote Requirement | Link » Requirements  Links Iﬁl e Matrix = hd
FILE REQUIREMENTS LINKS VIEW EDIT ANALYSIS SHARE DOCUMENTATION | &

' Requirement: :173

Index al| = .

v [ stvnvdemo_powerwindow_vs*  Properties

v 1 slvnvd... | sivnvdemo_powerwindow_vs Description
\ & 2 - . Type Functional ¥
D (Inport,
LD Index: 11

Custom ID: |:1?3 |

Summary: | upD (Inport) | D es C ri pt i O n

Description Rationale /

ey |[Aral “[w B £ u A

Driver's UP button should close the window all the way if released within 0.5 seconds

downD (Inport)

upP (Inport)

downP (Inport)

obstacle (Inport)

endstop (Inport)

Cmds (Scope)

Global Assumptions (SubSystem)

Model (ModelReference)

Verification Subsystem1 (SyfBystem)
Verification Subsystegg® SubSystem)

ESUDsystem3 (SubSystem)

Ny g o g o e g U U U |

113 395 UpCmd (Outport)
E 114 1396 DownCmd (Outport)

v @ shvnvdemo_powerwindowController

v E1 shnvd.... | sivnvdemo_powerwindowCentroller Des.. Keywords:
B 1 28 upD (Inport) } Revision information:
B 12 129 downD (Inport)
. - . v | ¥ Links




5. Digital twin model-based design workflow for
elevator safety certification
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2. Connect requirements traceability

After creating a model based on written requirements, connectivity and traceability between requirements and model
Linking to requirements enables bi-directional dynamic referencing

Requirements or one requirement can be linked to multiple models

M

- i - "
- 1 A Ne m
> G -

Veh
sta
& cut Ctrl+x Nout Tout
By copy Ctri+C T iSSi

ol & e i T ansmission ven 1a 1111 AQDB assbcer acsbeen Acsbcedc aABBCCD  AaBb
Comment Through Ctrl+Shift+Y
[Dmmgntom ’ c:rl+shiﬂ+x p— ing3 Heading 4 Title Subtitle  Subtle Em... Emphasis  Intense E.. Stro
DEl‘E‘te - Del St}rles
Find Referenced Variables vehicle_speed
Create Subsystem from Selection Ctri+G driver throttle single 4 Throttle from ac
Observers
Format » 129%
Rotate & Flip
Arange 4.2 SYSTEM OUTPUTS
Mask HaTTTe Data type Units | Description
Library Link
SRS reqDry Enum: regiviode Driver’s request
Requirements b 1. "System outputs: System outputs (crs_req#30)"
Coverage ' Link to Selection in MATLAB status boolean Cruise control s
Maodel Ad Link to Current Test Case

Link requirements for traceability in models Check connected requirements



5. Digital twin model-based design workflow for JE—
elevator safety certification S sson e

2. Connect requirements traceability

In case of multiple connections between requirements and model, it can be easily confirmed using the requirements matrix.

Progress for each requirement can be checked graphically

& Requirements Editor

5 REQUIREMENTS
i3
- = A Delet _ =) o] s \
g2 L [ e o EL e é - @fc Q*r B £ &
% 3 = 3 New Open i mport Add e L Add Show Show @ - Search =~ Traceability Export Help
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elevator safety certification

3. Requirements-based testing

Verify and confirm that the model is properly implemented in accordance with the connected requirements

v ,_"_a_] thrust_reverser_safety_requirements [ ]
E 1 R1.1 Airspeed Condition ( )
B2 R1.2 WOW Condition ( )
E 3 R1.3 Throttie Condition ( )
E 4 R1.4 Wheelspeed Condition ( )

Index ID Summary Verified

Vv %3] thrust_reverser_safety_requirements —
E 1 R1.1 Airspeed Condition —
H 2 R1.2 WOW Condition S |
E 3 R1.3 Throttle Condition C————
E 4 R1.4 Wheelspeed Condition —

Index ID Summary Verified
: Passed (green)
v (B thrust_reverser_safety_requirements ;
S RL1 Arspeed Condtion (D Failed (red)
B 2 R12 wow Congiton (D Justified (light blue)
B 3 RL3 Throttie Conditon (D Unexecuted: (vellow)
B4 R14 Wheelspeed Condition (D None (colorless)

Show test status
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4. Compare requirements and track changes

Changes due to team and individual requirements activities can be compared and tracked

1
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| crs_req func_spec 06a3eS5fa7e50da447f2ce544c26bb059c8109f66, slrequ vs, crs_req_func_spec_3733403d7d7197736705402b7bedE
Y Revision: 0633e5fa7959d0447f2ce544c26bb059c8109f66 w Revision : 3733403d7d7197736705402b7bed89fcaeg73914 «
F-— Requirement Set F-— Requirement Set
I Iél—lh, crs_req_func_spec I Iél—lh, crs_req_func_spec
B [E #1: Driver Switch Request Handling Iél—El #1: Driver Switch Request Handling
I I—El #2: Switch precedence I IT}E #2: Switch precedence
L rationale
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- Raw HTML Updated in branch Userl Feature
- Value Updated in branch UserlFeature
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5. Code generation and IEC61508 verification

Generate code based on the model

Generate model and generated code IEC61508 verification report (TUV certified)
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5. Verification

_ValidE on
e Object code verification N
Fy - . ~ ) ey \\
/ Model verification ~_____Source code verification \
{ el “H\ / \
* ‘/ .". / \\- \'l
i 3 h
User System .
[ Requirements [ Requirements > Model N Source Code ObjectCode ]
Ch'ec'ks, Cnec'ks,
Compliance, Compliance,
Coverage Coverage
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* Using PSIM's EMI Design Suite, one of the elevator DT processes, we constructed EMI Filter modeling of the
control panel and analyzed the correlation between control panel components and EMI Filter.

* The elevator systemis modeled as a third-order multibody, and the rope stiffness relationship is analyzed
according to the elevator's speed, acceleration, and acceleration.

* Examining the safety of the elevator door system using the Digital Twin concept.
* Design and validation of a digital twin model of an elevator door device.

* The cause of the failure can be identified through data analysis of the digital twin model and the actual
model.

* Presenting software development techniques using the Digital Twin Model-Based Design tool using MATLAB.

* Ensures mutual traceability at each stage of the requirements writing, modeling, source code generation, and
verification procedures and reduces problems that may arise through the verification process.
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