ER Tk e 1k [ 3 B B 5 BRI
Electromechanical Principles and
Intelligent Monitoring

BUSERNAK BEmTIIER
BNEEUR | BEiRF
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System Architect

Internet Communication
Sensors, Data Acquisition, and DSP
Intelligent Machine

loT

Big Data and Data Mining

Flexible Processes and Tools
Cyber-Physical System

© Multivariable Control System Lab,2024.

From Industry 1.0 to Industry 4.0

First
Industrial
Revolution

based on the introduction
of mechanical production
equipment driven by
water and steam power

First mechanical loom, 1784

Second
Industrial
Revolution

based on mass production
achieved by division of
labor concept and the use
of electrical energy

(I X I XIXIXIXI1IIY.

iy

. First conveyor
" belt, Cincinnati
slaughterhouse, 1870

Industrial
Revolution
based on the use of
electronics and IT to

further automate
production

Degree of
complexity

Fourth
Industrial
Revolution

based on the use of
cyber-physical systems

Flrsf programmable
logic controller (PLC)
Modicon 0&4 1969

v

2000 Today

Time
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THE FULLY COMNECTED WAY OF
MAKIMG THINGE

Industry 4.0 i bamed on new and
radicaly changed processes in
manusachirng companies: Faciorg
4.0 In this concept. data Is gather=d
from suppliers, oustome s and the
oompany kst and evaloned before
being lirked up with real producion
The: latter ik ncreasingy using new
fechnologies such as sensors, 30
prinang and next-generation robots

© Multivariable Control System Lab,2024.
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FACTORY 4.0

HESOURCES
OF THE FUTURE

:-IHI} ALTERNATTVE,
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CLOUD
COMPUTING

L

MASS CUSTOMIZATION
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« Smart Machine ,
v" New Business Model

* Max CUStOm'Zat'On | v New Manufacturing Model
» Better Service for Client v New Customer and

« Dynamic Process

* |oT and specialized for Industry
« TCPVv6 ~ 5G

Manufacturer Relationship

e Sensor Middle Class
* Robot Elder Society
» Al and Software Work-Life Balance

» Big Data (Information Technology)
© Multivariable Control System Lab,2024. 9 6
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* ltis a holistic view of “computer controlled system” under the internet era.

Internet Underlying driving force for CPS
I technology
Software * How can one take advantage of
i internet (including massive
Computing Hardware computing resources) to enhance
I I system performance?
R Transduction . What |s.the pc:-jcen.’uial disruptive
I innovation for individual
I product/technology within the
Actuators Sensors system?
I I
Structure, device, machine etc. Different stakeholders have
I very distinct view of CPS

Physical World (domain)
BRI © ITRI

© Multivariable Control System Lab,2024. 9 7
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R LEEIME
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NATIONAL
ri.com INSTRUMENTS
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- Z178i1gl A (Digital Twin)

P HEMEEEINBETEAIBLE A2 “:
- (Get Insight)

MACHINE &
EQUIPMENT HEALTH

EHECEEIRRREH > 52
By R B P 2 Al o KRR
EHIRR] 2475 ~ #ZE K Industrial 10T or
Industry 4.0. (Get Connected) RELIABILITY

MANAGEMENT

e=EiiwieisaiR EdE 1 g Yes
FIfREIE(L - (Get optimized)

© Multivariable Control System Lab,2024.
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Cyber-physical system (CPS) are systems of collaborating computational entities
which are in intensive connection with the physical world.

The interaction between the physical and the cyber elements is of key importance.
It is transforming the manufacturing industry to Industry 4.0.
However, CPS is still in its infancy.

CPS maturity model*
2 lnformatlon‘

- B mproving
~ decision linking
making

State-of-the-Art

e Al, ML or statistics model for decision
making (data-oriented)

* High cost of sensor installation
 Difficulty on data collection and labeling

Information

Increasing processing

understanding

Information

Creating generation

transparency

General

Basics conditions *Monostori, Laszl6, et al. "Cyber-physical systems in manufacturing." Cirp Annals 65.2

(2016): 621-641.

© Multivariable Control System Lab,2024. 10



Actuate @ Sense
. -
Throttle Speed

Compute =

Supervisory Control
Path Path Vehicle
Planner | | Follower [ | Actuation
! ! ,
Road Cost State )
Finding [ | Map Estimator [ [ Vehicle
! t |
Y
Terrain Elevation
Sensors Map

© Multivariable Control System Lab,2024. 11
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Fault
Detection
Decision and
Identification

(FDI)

« Fault Type
* Location
« Severity
« Sensitivity

« Safety

TT

Normal Distribution

—

RN

Dynamic Parameter
Lylaen Model Estimation
Physical Normal System

© Multivariable Control System Lab,2024.

T

« Optimization & Control Adjustment

Deviations

RN

Dynamic
Model

—

Parameter
Estimation

N

?_‘

Faulty System

O

v No Sensor & Versatile
Data required

v Benchmark based on
Dynamics

v Decision Making
facilitated

12
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Impact to the Industry

Prediction &

Virtual
Measurement

* Reliability Estimation
* Analytic Redundancy

« Sensorless Impedance Control
(collision detection,

Benefit assembly...etc.)

v" Cost reduction

Quality Improvement

Reliability & Safety Enhancement
Efficiency & Performance Improvement
Executive Decision Making

© Multivariable Control System Lab,2024.

Physical System

Dynamic Model

Parameter
Estimation

Dynamic Behavior Evaluation

|

Analysis &
Design

Simulation

Controller Design

Performance Improvement
(vibration suppression, energy

conservation...etc.)

O

Identification &

Diagnosis

FDI
Calibration

System Monitoring (Quality
Control)

Re-Scheduling
Predictive Maintenance

13
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Motor Selection,
Operation and Condition
do affect the energy
consumption!!

© Multivariable Control System Lab,2024.

M' a Program of the U.S. Department of Energy

MOTOR

CHALLENGE

DETERMINING ELECTRIC MOTOR
LOAD AND EFFICIENCY

Most likely your operation’s motors account for a large part of your monthly electric bill. Far too often
motors are mismatched—or oversized—for the load they are intended to serve, or have been re-
wound multiple times.

To compare the operating costs of an existing standard motor with an appropriately-sized energy-
efficient replacement, you need to determine operating hours, efficiency improvement values, and
load. Part-load is a term used to describe the actual load served by the motor as compared to the
rated full-load capability of the motor. Motor part-loads may be estimated through using input power,
amperage, or speed measurements. This fact sheet briefly discusses several load estimation tech-
niques.

Reasons to Determine Motor Loading

Most electric motors are designed to run at 50% to 100% of rated load. Maximum efficiency is
usually near 75% of rated load. Thus, a 10-horsepower (hp) motor has an acceptable load range of
5 to 10 hp; peak efficiency is at 7.5 hp. A motor’s efficiency tends to decrease dramatically below
about 50% load. However, the range of good efficiency varies with individual motors and tends to

O

14
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» How do we know if the motor is healthy or not?
» How should we arrange our maintenance
schedule?

» How do we know that our ECM does save energy?

> How to evaluate that?

© Multivariable Control System Lab,2024. 9
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1, 37 % £ :Ja%fr/r:%(run to failure) 2. 3% & 7 1% 23 @ (preventive maintenance)
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3. ¥ #v & (predictive maintenance) RHREARERLGEF G

© Multivariable Control System Lab,2024.

B BRI ABEFRARENL A 5
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AR R R

http://www.ni.com
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kAR R SR
Modification

Retrofit

Redesign

Change order

-
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EANER AT
Breakdowns
Emergency
Remedial
Repairs
Rebuilds

-

18



TRENRE

- FRIREZE—TERENEHE
- RERERFIBERENEREBH
- EFEMRERREER IEZEZORE:

. ;éU;lQHS%fﬁTEﬁﬁéWﬁiﬁ&@%ﬁ%%ﬁ%ﬁﬂﬁ%ﬂﬁ’l‘)ﬂ% BN Y BREERNIEEZORE - 2 118
MRE R

- FAHRE  RERAERE L EeEERENRGE  2UdiEESKUEREE - FELRINSEFES -
« BRALIMEENER  BEREESREERNSE L -

- EBANFREFIEZUENA - FEILKRESENVEREEZERIEE -
- RARBERIINGIEZL - BFEHEEREMOFARNFRSE

- BAREFELAEEEELZIRELHMAERN)(cost-benefit) -

Prognostics Diagnostics
- B SENBARERN - TRCMRE - BB - I J
- BIERIIRNRERIZHREEN - Fau |“WW WS
. BB AN HERIAS - | ; g
- BARELFEARTERENENES N RBNMEHNBEREORE | D*Mﬁ

Mechanical Systems and Signal Processing 42(2014) 314-334
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v'Induction motors have been widely used in the
iIndustry.

v'Consume about 70% electrical energy used by
industry.

v'Failure preventing and unplanned downtime avoiding
based on periodic maintenance.

v'Routine Inspection using hand held devices.

v'Condition monitoring using signal-based method
including :

» Vibration Analysis
» Motor Current Signal Analysis

v'High.instrument cost to implement condition
monitoring.

v'Highly trained and experienced staffs for data
analysis.

v'Different diagnosis verdict due to human judgement.

© Multivariable Control System Lab,2024. 9

at the factory floor
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> PRYREEYETE
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Equipment Measure

Unplanned Downtime Avoiding

Energy Consumption Reducing
Production and Maintenance Scheduling
Parts Inventory

Cost Benefit (Parts, Labor, Quality etc.)
Analytic Track Record and Diagnosis

© Multivariable Control System Lab,2024.

Analysis Report

: L \ REPORT

Hardware Deployment Cost

Suitability and Reliability for Continuous
Measurement

Trained and Experienced Staffs

Charts and Record to show benefit

25



Background

Rotary equipment driven by the induction motor has been
widely used in the industry.

—  Simple structure

—  Low cost

—  Easy maintenance

Fatigue failures after long operating hours, resulting in
catastrophic breakdown.

—  Bearing failures

—  Broken rotor bar

— Air-gap eccentricity

—  Misalignment

—  Shorted turns in stator

© Multivariable Control System Lab,2024.

Rotor bar 5% Shaft/coupling 2%
Unknown 10%*
(No root cause failure
analysis performed)

External 16%* >
(Environment, voitage
and load — will likely
occur again)

Stator winding 16%*
(May have been voltage,
water, overload, etc)

Bearing 51%*‘l

* For each component shown, appropriate measures
to prevent or predict the failure could greatly reduce
three-quarters of motor failures.

(Austin Bonnett and Chuck Young, 2004)
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AN B FR B A 5% O ER

P-F %%

1 _ 1
. . . Condition / i High Frequency Analysis |
Vlbr ation ist i [ Process performance data — 1wk — 9 months |
. T res IS. ance ! Multi-spectral analysis |
emperature to failure Potertial | Traditional VA — 1-0 months ]
. Mot C ¢ 0_ entia : [ oil debris ahalysis — 1-6 months |
ofor Lurren Fa”ure : [ IR Thermography — 3-12 weeks |
. (first i Temperature indication |
Thermography detectable ! [ Audble noise — -4 weeks | m——
deterioration) [ Heatby touch—1-5days ] |Senses
° U].trasound : | ___Smoke — minutes |
* Lubrication Analysis N +—— P-Finterval
* Insulation Resistance Testing ) ) | | >

Lead Time
To organise spares, resources, equipment etc

|
% coverage colour key:

0.01% 0.1% 1% 5% 10% 25%
Yohr/ Y2 hrl Y2 hrl Y2 hr Y hil Y hr/ continuous
yr qr month /wk  day shift

Proportion of time actively being monitored (more = better)

© Multivariable Control System Lab,2024. 9




BRI

Supply
Motor

Mec. Imbalance _ _
Partial
Discharge

Insulation Faults

Stator Electrical
Imbalance

Broken Bars

T Wavelet on
- Vibration Current
REBIRIRG and Load KRN
Mechanical Failures Vibration

3 Phase AC Motor

Motor Current Signature Analysis (MCSA)
Extended Park’s Vector Approach (EPVA)

Instantaneous Power Signature Analysis (IPSA)

. . 2 TR hitp:// jjorg/10.5772/48045 34
© Multivariable Control %Xcsmrtéve Ieﬂ%%g@g%ﬂectrical Signature Analysis to Induction !@k Leandro Bonaldi et al,2012 34
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Maintenance Strategy

Preventive

Maintenance

1. spend closer to 70% of the total budget.

2. Highly intrusive and usually heavily restricted by the

production schedule.

Predictive

Maintenance

1. spend closer to 70% of the total budget

2. a nonintrusive online interface can be the best

approach.

3. Traditional PAM methods use periodic

measurement of certain physical quantities.

4.  plug-and-play PdM product

Reference : Lu, Bin, David B.

© Multivariable Control System Lab,2024.

Durocher, and Peter Stemper. "Predictive maintenance techniques." IEEE Industry
Applications Magazine15.6 (2009).

PdM

Advantages

* Increased component operational life/availability.
e Allows for preemptive corrective acfions.

* Decrease in equipment or process downtime.

* Decrease in costs for parts and labor.

* Better produet quality.

* |Improved worker and environmental safety.

* Improved worker morale.

s Energy savings.

¢ Estimated 8% to 12% cost savings over preventive
maintenance program.

Disadvantages
* Increased investment in diagnostic equipment.
* Increased investment in staff training.

* Savings potential not readily seen by management.

Reference : Operation and Maintenance Best Practices, U.S. DOE.

Prognostics Diagnostics

| W “\%W\M‘\f
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Opportunities
* Industry 4.0
Industry Internet of Things

Computer, Internet, Cloud and IC => computation power, data
storage and data sharing.

Mass deployment of sensors for data collection.
Machine learning algorithm and Artificial Intelligence

Electrical Faults Motor Faults Mechanical Faults

\
5
7/

» Stator * Bearing
* Rotor * Transmission

» Voltage Unbalance

» Current Unbalance
» Bearing » Foundation/Looseness

» Unbalance/Misalignment
» Driven Equipment

* Harmonics

© Multivariable Control System Lab,2024. 36
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