Yan Wang
Cheng-Lin Liu
Zhi-Cheng Ji

Quantitative
Analysis and Optimal
Control of Energy
Efficiency in Discrete
Manufacturing
System

@ Springer



Quantitative Analysis and Optimal Control
of Energy Efficiency in Discrete Manufacturing
System



Yan Wang - Cheng-Lin Liu - Zhi-Cheng Ji

Quantitative Analysis

and Optimal Control

of Energy Efficiency

in Discrete Manufacturing
System

@ Springer



Yan Wang Cheng-Lin Liu

School of IOT Engineering School of IOT Engineering
Jiangnan University Jiangnan University
Wuxi, Jiangsu, China Wuxi, Jiangsu, China

Zhi-Cheng Ji

School of IOT Engineering
Jiangnan University

Wuxi, Jiangsu, China

ISBN 978-981-15-4461-3 ISBN 978-981-15-4462-0  (eBook)
https://doi.org/10.1007/978-981-15-4462-0

© Springer Nature Singapore Pte Ltd. 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part
of the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt from
the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, expressed or implied, with respect to the material contained
herein or for any errors or omissions that may have been made. The publisher remains neutral with regard
to jurisdictional claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-15-4462-0

Preface

Recently, the problems of energy consumption and carbon emission in manufac-
turing have received global attention. Although the energy consumption problem in
the process industry has attached much attention, it is also very prominent in the
discrete manufacturing industry. To our knowledge, the effective energy con-
sumption of the equipment is less than 30% in the discrete production line. Over
70% energy consumption costs on standby, no-load, unreasonable process
parameters and routes. Hence, the research on quantitative analysis and optimal
control of energy efficiency in discrete manufacturing system is a meaningful work.
Most of the current relative works are focused on the analysis of the relationship
between equipment energy consumption and process parameters. This is a local
optimization perspective without considering the global optimization of the overall
production line energy consumption.

Therefore, this book proposes some energy efficiency quantitative analysis and
optimal methods for the discrete manufacturing system from the view of global
optimization. To analyse and optimize the energy efficiency for discrete manufac-
turing systems, this book uses the real-time acquisition of energy consumption data,
models the energy consumption, constructs the energy efficiency quantitative
indices system and proposes a principal component quantitative analysis and a
combined energy efficiency quantitative analysis based on rough set and
AHP. Then, an energy quantitative analysis application system is built based on the
presented analysis methods. Furthermore, this book designs several optimal control
strategies including a static energy efficiency optimization based on knowledge and
MOPSO, a high-dimensional dynamic energy efficiency optimization, and a process
parameter optimization decision. At the last of this book, an energy efficiency
optimization control software system is designed. This book is valuable for post-
graduate students, teachers, engineers and individual researchers in the field
of discrete manufacturing systems.

Chapter 2 focuses on the deployment method of the discrete manufacturing sys-
tem’s energy consumption information acquisition network. In Chap. 3, a
multi-source and multi-level integrated energy consumption model and an intelligent
identification method of key parameters are proposed. Chapter 4 investigates a
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multi-layered energy efficiency quantitative analysis index system. Chapter 5 focuses
on the quantitative analysis of energy efficiency based on rough set theory and AHM.
Chapter 6 is concerned with the bottleneck identification methods of the discrete
manufacturing system’s energy consumption. Chapter 7 proposes a discrete energy
consumption analysis method based on the improved principal component analysis.
In Chap. 8, a static optimization and scheduling algorithm based on knowledge and
MOPSO is presented to minimize the energy consumption, machine workload and
completion time. Chapter 9 studies the problem of production/energy consumption
high-dimensional multi-objective dynamic optimization. A pre-response dynamic
scheduling mechanism and NSGA-III-based optimization algorithm are designed to
address the unexpected work events. In Chap. 10, a process parameter optimization
decision model and RWA-MOPSO solution algorithm are presented to minimize the
energy consumption in discrete manufacturing system. On the basis of the methods
presented in the previous chapters, Chap. 11 illustrates the development steps,
environments, tools and functional modules of a real energy efficiency optimization
software system. Also, some industrial applications are shown to validate the
effectiveness of our methods and software.

Wuxi, China Yan Wang
September 2019 Cheng-Lin Liu
Zhi-Cheng Ji
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f; time, the delivery date of all processable parts of J;(#;)
#; time, workpiece J;(1;) the start time of the first process
in the process

Rescheduling time point # has the number of work-
pieces that can be processed and processed

#; time, the remaining processing time of the processing
process on Mj (1))

f; time, workpiece J;(#;) subscript of the first process in
all processable processes

Process J;(#), the completion time of the last process in
the process that was completed before the #; time

Step j in the workpiece J;(7;),

Jj= Ii(t[),li(ll) +1,--- ,Ii(t[) +€;(ll) —1Lr=1

Process O;(1;) is a collection of machinable machines
at

Process O;;(#;) processing time on the machine

Mk(tl) € Mij(tl)’ k=1,2,--, |Mij(tl)
size of the collection

Start processing time of process O;i(#;)

The completion time of the last process of the machine
M, (1;) completed before 7

The completion time of the last process of the machine
M, (;) completed before 7

Number of operations assigned to the machine M, () at
tk=1,2,--- ,m(tl)

The r process assigned on the machine M;(7),

r = 1,2, s ,l’le<ll>

s

o| indicates the

Process O"M«() processing time

Finishing time of process Q™M)

The delivery period elastic coefficient of the workpiece
Ji(#;), which satisfies the positive distribution of 1.5 with
a variance of 0.5

Machine M, processing energy per unit time
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XXiii

Machine My (#;) in rescheduling period # initial release
time

Binary variable

Total energy consumption

Energy consumption when machine starts

Machine standby power consumption

Energy consumption when machine is no-load

Cutting energy consumption during processing
Process time

Cutting speed

The amount of feed

Cutting depth

Coefficients related to part material and tool material
Auxiliary time such as clamping

The length of the machined part

The life of the tool used for machining

The time taken by the magazine to change the tool once
The margin left in the process

The diameter of the machined part

The spindle speed of the machine

Constant values related to machining conditions such as
parts, tools and machine tools

The life factor of the tool

The minimum values of the spindle speed of the
processing equipment

The maximum values of the spindle speed of the
processing equipment

The minimum values of the feed allowed by the
processing equipment

The maximum values of the feed allowed by the
processing equipment

Maximum cutting force

The coefficient associated with the machined workpiece
and the cutting conditions

Tool radius

The maximum value required for the surface roughness
of the part

The total efficiency of the machine tool

The maximum cutting power indicated on the machine
nameplate

Indicates the cutting force when the machine is
machined

Population of n

Search space dimension
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®max
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inum
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U;

P, optimization

Pnum

Notations

The speed of particle i in d-dimensional space

The position of particle i in the d-dimensional space
Individual extremum

Group extremum

Inertia factor

The maximum values of the inertia factor

The minimum values of the inertia factor

Particle dimensions

The number of particles

The current number of iterations

The maximum number of iterations

Acceleration factor

The approximate minimum value obtained in i — 1 steps
A randomly generated unit vector

The optimal solution found by the particle swarm
optimization algorithm

The crowded distance of the particles

A collection of all particles with a non-dominated
solution level of s

The hth objective function representing the jth particle, a
total of p objective functions

The number of particles in F(s)set

Maximum values of the corresponding j columns of the
judgment matrixA

Minimum values of the corresponding j columns of the
judgment matrixA

The number of evaluation programs

The number of indicators
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Introduction Check for

1.1 Discrete Manufacturing System

Discrete manufacturing system is an important support for the production of mechan-
ical products and their parts, and its energy consumption is an important part of
the carbon footprint of products [1]. Literatures [2, 3] show that the main energy-
consuming machinery and equipments of discrete manufacturing system have large
energy consumption and effective energy utilization rate of less than 30% on aver-
age. The energy-saving space is huge, and the carbon emissions caused by energy
consumption are shocking. According to the literature [4], the global manufacturing
industry produced nearly 50 billion tons of carbon emissions in 2001. It is expected
that by 2030, global manufacturing carbon emissions will reach 100 billion tons,
double the number in 2001. A set of data from MIT’s research can visually illustrate
the total energy consumption of a machine tool and the environmental emissions it
brings [5]: a machine equipped with a corresponding auxiliary device, if the spindle
power is 22 kW. The two-shift work system, in which the cutting time accounted for
57%, measured by the efficiency data of the US National Grid, the environmental
emissions generated by the machine’s electricity consumption for one year, and the
fuel consumption is 20.7 mpg, driving 12,000 miles per year. Compared with SUVs,
their CO, emissions are equivalent to the emissions of 61 SUVs.

Discretely manufactured products are often assembled from multiple parts through
a series of discrete processes. The discrete manufacturing process is a complex pro-
cess consisting of different parts processing sub-processes or parallel or series. Dis-
crete manufacturing systems span different levels of products, workshops, tasks,
manufacturing units and production equipment. Each level of energy consumption
has its basic characteristics. Therefore, the discrete manufacturing system is much
more complicated than the process manufacturing system. Complex characteristics
such as variability in processing tasks, equipment and process diversity, complex
tree characteristics of products and their manufacturing energy consumption, prod-
uct energy consumption and dynamic characteristics of equipment (process) are
often [6, 7]. The overall energy consumption, energy efficiency utilization and the

© Springer Nature Singapore Pte Ltd. 2020 1
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implementation of relevant at home and abroad green regulations, energy conserva-
tion and consumption reduction have become the first problem for the sustainable
development of discrete manufacturing.

In recent years, China, the European Union, Japan, North America and other
regions have launched plans to improve the energy efficiency of discrete manufac-
turing and carry out research on related mechanisms and technologies [8—10]. A
large number of studies have shown that [11-16] the energy consumption of discrete
manufacturing systems is closely related to equipment state and its motion proper-
ties, process parameters, process feature sequencing, product structure, production
scheduling and start—stop control. In particular, for complex discrete manufactur-
ing processes such as flexible manufacturing and mixed flow manufacturing, the
energy consumption mechanism is complicated by the influence of process charac-
teristics such as variable processing tasks, equipment state and process dynamics.
The pre-unknownness of a large number of parameters in the processing parame-
ter/thermodynamic energy consumption model, the highly nonlinear characteristics
of the equipment energy consumption process and the inevitable randomness and
dynamics in complex workflows pose challenges to the modelling, analysis and opti-
mization of system energy consumption process. Therefore, the research on energy
optimization of discrete manufacturing systems is of great scientific significance and
engineering application value.

1.2 Energy-Related Factors and Characteristics

1.2.1 Energy-Consuming Components

The basic components of a typical discrete manufacturing system can be divided into
four parts: production environment, production equipment, production objects and
operators. The functional characteristics, usage status and utilization rate of these
production factors will affect the energy consumption in manufacturing systems. The
consumed energy in a production process can be divided into direct energy and indi-
rect energy [17], where direct energy is the energy consumed by various processes
(such as casting, processing, painting and inspection) for manufacturing products,
and the indirect energy is the energy required to maintain the production environ-
ment in the workshop (such as lighting, heating and ventilation). Taking a typical
machining manufacturing system of complex discrete manufacturing as an exam-
ple, the mechanical manufacturing system is composed of nine types of processes
such as cutting, pressure processing, casting, welding, special processing, heat treat-
ment, covering, assembling and packaging. Energy-consuming components can be
further divided into direct and indirect energy-consuming components according to
their manifestations. Direct energy consumption from production machines depends
on the operating state of the equipments. The process characteristics of the parts,
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the scheduling of the production system and the start—stop control strategy of the
equipment constitute the indirect energy-consuming components.

1.

Direct energy consumption of machines. The production equipment of dis-
crete manufacturing systems is mostly CNC machine tools with machine—elec-
tric—liquid multi-source energy fusion characteristics. There are many energy-
consuming components in a machine tool, including auxiliary system, main trans-
mission system, feed system and other energy-consuming subsystems. It is a
multi-component and multi-source energy-consuming system. The basic energy
consumption characteristics of the motion unit are determined by its own struc-
ture and physical and motion properties [18], such as the structural design and
motion control mode of each moving component. The energy consumption of
each main component is shown in Table 1.1. During the operation of the produc-
tion equipment, the energy loss caused by the interaction and mutual influence
of the various moving parts makes the energy loss law quite complicated, and the
energy consumption exhibits instantaneous dynamic changes in different oper-
ation stages such as starting, no-load and processing. The CNC machine tools
mainly consume electric energy. The change of the whole machine power during
the operation process depends not only on the performance of its internal com-
ponent system, the movement composition of the components and the operating
parameters, but also the processing object and the processing conditions.
Production object process characteristics indirect energy consumption.
From the perspective of production objects, the same production equipment,
different part materials, tool types and machining parameters will form different
machining forces/torques, affecting the load of the moving unit of the processing
equipment [19], thus consuming different energy.

Auxiliary production equipment indirect energy consumption. In addition to
processing equipment, the energy consumption generated by other auxiliary pro-
cessing equipment, such as lighting equipment, workshop handling equipment,
workshop cooling and heating equipment.

Production management indirect energy consumption. In the process of pro-
cessing, affected by the production planning scheduling and production resource
scheduling scheme, the energy consumption difference of different batches of
products during processing.

1.2.2 Energy Consumption Hierarchy and Characteristics

According to the different energy consumption levels of discrete manufacturing sys-
tems, the energy consumption of discrete manufacturing processes is analysed from
three aspects: equipment layer, product layer and process layer:
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Table 1.1 Function and energy consumption description of energy-consuming components in a
CNC machine tool [18]

Name Component Functional Energy
composition description consumption
statement
Processing Spindle drive Spindle motor Drive the tool or | Cutting energy
power system and mechanical | workpiece for consumption E¢
transmission high-speed Motor energy
components rotation and consumption
provide cutting Emn
power Drive link
Feed drive Feed shaft Electric tool or kinetic energy
motor and workpiece linear Ej k
mechanical motion along Friction loss Ef
transmission the feed axis Load loss Eq
components
Electrical Numerical Computer CNC program Frequency

control system

control device

machine display

processing and
display

Spindle control

Spindle
drive/inverter

Converting NC
instruction of
spindle into
electrical signal

conversion loss
AE

Electrical
control system
energy
consumption Ee

Feed axis Feed axis Convert CNC
control drive/inverter commands of
the feed axis to
electrical signals
Auxiliary Heat exhaling Fan Electric control | Energy
system system cabinet cooling | consumption of
Cooling system | Cooling pump Provide coolant | cach auxiliary

Chip removal

Chip removal

Chip removal

system motor
Tool change Storage motor Tool change
system

system Ejyg

1. Equipment layer energy consumption

Discrete workshop equipment layer has many types of energy consumption and large
quantity. Workshop energy-consuming equipment contains trampolines, grinding
machines, etc. Production and transportation energy-consuming equipment includes
hanging towers, forklifts, etc., workshop production environment equipment such as
refrigeration and air conditioning, heating and lighting. The energy consumption of
each equipment in the discrete manufacturing workshop is mainly electric energy.
As the main driving force of workshop processing equipment and auxiliary pro-
cessing equipment, electric energy is an indispensable energy medium in the whole

processing.
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Equipment layer energy
consumption

Basic energy Variable energy No-load energy
. . 5 Start . Tool
Lighting | | Heating Cooling Exhaust Cutting Feed Standby
and stop change
energy energy energy energy energy energy energy
energy energy
consum consum consum consum consum consum consum
tion ption ption ption consum ption ption ption consum
P ption ption

Fig. 1.1 Discrete manufacturing system equipment layer energy consumption

The energy consumption of the equipment layer is divided into three parts: basic
energy, variable energy and no-load energy, as shown in Fig. 1.1. Basic energy
includes energy consumption in system equipment such as lighting, hydraulics and
cooling. Variable energy includes machine tool equipment start-up, cutting, tool
change, feed and other processing energy consumption; during the machining pro-
cess, the no-load energy generated by the machine tool standby due to the machining
gap is no-load energy consumption, such as waiting for no-load, tool-less no-load
energy consumption and no-load energy consumption during processing. Variable
energy is the main body of the energy of the device layer. The greater the proportion
of variable energy, the higher the energy efficiency of the device layer.

The operating state of machining equipment is divided into four categories: start-
up, no-load between work steps, cutting and stop. When the equipment is switched
between different states, the energy consumption also changes, as shown in Fig. 1.2.
Among them, cutting energy consumption is the effective energy consumption part
of the total energy consumption of machining equipment.

pA

F

L

Startup Cutting Cutting Stop

Fig. 1.2 Input power profile
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Fig. 1.3 Discrete manufacturing system task layer

2. Process layer energy consumption

Discrete manufacturing system processing technology has a variety of characteristics,
the same product has a number of different processing routes, each process consists
of several processing steps, the same process is processed on different equipment,
and its energy consumption is generally different [20]. As shown in Fig. 1.3, the
process layer contains all the processing routes of the product production process,
which indirectly reflects the energy efficiency level of the equipment corresponding
to all processed parts in the product processing process.

Considering the machining process of the workpiece, each machining task unit can
be regarded as a machining process of a workpiece, and multiple machining oper-
ations are required to complete each machining task. Manufacturing system task
layer energy consumption is determined by various factors such as process parame-
ters, task plan and scheduling plan during production and processing. However, there
are mainly two kinds of energy in the task layer of manufacturing system: First, the
process energy consumption characteristics determined by factors such as processing
parameters and process schedules, different process parameters and different process
routes will bring about differences in energy consumption of processing equipment;
second, the production planning and processing plan determine the energy consump-
tion characteristics of the scheduling. Task-level energy consumption is defined as
the energy consumption of the equipment required to complete a specific processing
task for a discrete manufacturing system.

3. Product layer energy consumption

The discrete manufacturing system production process is the entire processing
flow from raw material to product, including the processing of raw materials,
transportation, product processing, assembly and rework [21], as shown in Fig. 1.4.



