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Abstract

Machining workshop is a widely distributed manufacturing system that consumes massive energy in low efficiency. Due to the
complicated and dynamic energy flow of the machining workshop, machinery manufacturers still lack an effective method to
monitor and manage the energy efficiency. Hence, this paper proposes an energy efficiency monitoring system for machining
workshop with the support of the newly emerging Internet of Things (IoT) technology. With the application of the proposed
system, potential opportunities for energy efficiency improvement can be identified. Machinery manufacturers can easily reduce
energy consumption and energy cost by managing the machining process.

© 2018 The Authors. Published by Elsevier B.V.
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1. Introduction

Machining workshop is a widely distributed manufacturing
system that consumes massive energy in a low efficiency.
Numerous surveys indicate that the efficiency for the
machining process is usually less than 30% [1]. In the work
reported by Gutowski et al., the energy efficiency of a typical
milling process is only 14.8% [2]. Hence, improving energy
efficiency and reducing energy consumption of machining
process is important and imperative.

However, the energy consumption of the machining
process has the characteristics of large amount of energy
consumers and dynamic energy flows. This makes a challenge
for energy reduction. To address this challenge, many
scholars studied the issues of energy evaluating [3-5] and
energy optimizing [6-11]. Numerous approaches were
proposed to reduce energy consumption of the machining
process. However, as mentioned in [12], energy monitoring is
a key factor towards successful energy management. With a
proper monitoring mechanism, it is possible to identify energy
hotspots of the machining process. Vijayaraghavan and
Dornfeld introduced a framework based on event stream

2212-8271 © 2018 The Authors. Published by Elsevier B.V.

processing to analyze the energy of machine tools. An energy
monitoring approach was proposed to acquire the machine
tool energy [13]. Hu et al. proposed an approach for machine
tool energy efficiency monitoring based on energy models.
The total energy and energy utilization ratio of the machine
tool could be obtained by the proposed approach [14]. Similar
work can be found in [15] and [16].

After a perusal of current literatures, it can be found that
existing researches about energy monitoring mainly
concentrate on machine tools. Little research effort was paid
to the auxiliary equipment such as the air compressors and air
conditioners that consume a large amount of energy [17].
Furthermore, in the machining process, the energy
consumption of the machine tool is dependent on the
machining task features (process routes, cutting parameter,
etc.) [18]. In order to enhance energy management of the
machining process, all of the machine tools and auxiliary
equipment should be monitored and all of the energy-related
production data such as machining task features should be
gathered. On the basis, energy inefficiencies cause-effect
relationship can be established and further energy saving
opportunities can be identified. However, how to efficiently
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monitor these energy-consuming machine tools and auxiliary
equipment as well as collect the multiple energy-related
production data is very difficult.

In recent years, the newly emerging Internet of Things (IoT)
technology is enhancing machine and production management
in an effective manner [19]. A lot of researchers have been
engaged in this field and proposed some effective methods for
machine and production management based on IoT. For
example, in the work presented by Mourtzis et al., they
proposed an approach for machine tools energy consumption
estimation based on real-time monitoring measurements [20].
Zhong et al. developed a Radio Frequency Identification
(RFID)-enabled real-time manufacturing execution system for
mass-customization production [21]. With the proposed
system, visibility and traceability of materials were improved.
Other related work using IoT for machine or production
management can be found in [22-24]. These studies provide
reference methods towards the successful energy monitoring
of the machining workshop. However, after a perusal of
current literatures, it can be conclude that there is still a lack
of detailed framework for energy monitoring of machining
workshops based on IoT.

Therefore, this paper attempts to fill the gap and proposes
an IoT based energy efficiency monitoring system for the
machining workshop. To better monitor the energy efficiency,
we divide the machining workshop into machine tool level,
machining task level and machining workshop level. The
monitored energy-consuming points and the energy-related
data acquisition method of each level are introduced. Based
on the energy data, the potential energy saving opportunities
are identified. Machinery manufacturers can easily reduce
energy consumption and improve energy efficiency by
managing the machining process.

2. Framework of the IoT based energy monitoring system

As shown in Fig.1, the proposed I[oT based energy
efficiency monitoring system is consisted of four layers, i.e.
data acquisition layer, data transmission layer, data processing
layer and application layer. The details is given below.

Machining workshop
managers

Machine tool
operators

Production

‘Application
Layer planners

Energy efficiency models

Data Processing Layer

‘ Machine tool || Machining task

Server | ||

Data
Transmission
Layer

Data Acquisition Layer

Fig.1 Framework of the IoT based energy efficiency monitoring system

2.1 Data acquisition layer

The data acquisition layer is responsible for perceiving and
pre-processing the production data and energy consumption of
machine tools and auxiliary equipment. It consists of a data
perception layer and data pre-processing layer.

The data perception layer is composed of power sensors,
CNC Ethernet cards and code scanners. The power sensors
are installed on the machine tools and auxiliary equipment to
measure their real-time power consumption. The CNC
Ethernet cards are used to gather the cutting parameters (i.e.
spindle speed and feed rate) from the CNC system. As for the
code scanners, they are used to collect the start and finish time
of each operation on each machine tool for a workpiece, as a
workpiece is usually machined by several ordered operations
with different machine tools.
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Fig.2 Operating states and energy consumption of a machining process

The data pre-processing layer is responsible for pre-
processing the power consumption data acquired by the data
perception layer. The hardware and software of the data pre-
processing layer are industrial personal computers (IPCs) and
machine tool energy efficiency monitoring system
(MTEEMS). For each machine tool, it is equipped with an
IPC and MTEEMS. With the IPC and MTEEMS, as shown in
Fig.2 and Fig.3, the real-time operating state (i.e. power off,
standby, air-cutting and cutting) can be identified. On the
basis, as shown in Fig.4, the operating time and energy
consumption the machine tool under these states can be
obtained. The total energy consumption of the machine tool
Eachine can be acquired according to Eq.(1). Note that the
energy consumption of the machine tool in the power off state
is zero.
= E + Eair + Ecutting (1)

machine standby

where Eganaby, Eair and Ecuuing are the machine tool energy
consumption under standby, air-cutting and cutting states.

The pre-processing process of the real-time power
consumption data of the auxiliary equipment is quite similar
to that of the machine tools. The only difference is that all the
auxiliary equipment share one multi-channel IPC and a
simplified MTEEMS. On the basis, the real-time operating
state (i.e. power off or working) of the auxiliary equipment
can be identified and the total energy consumption can be
obtained.
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Fig.4 Machine tool energy efficiency monitoring system
2.2 Data transmission layer

The data transmission layer is used for data transmitting
between data perception layer and data processing layer. It
consists of wireless cards and industrial wireless routers. The
wireless cards are installed on the IPCs and the wireless
routers connect them to the application server.

2.3 Data processing layer

The data processing layer is served to analyze and store the
energy efficiency of machine tools, machining task and
machining workshop.

e Machine tool

In the data pre-processing layer, the machine tool total
energy consumption and the energy consumption under
different operating states are obtained. On the basis, the
cutting energy utilization ratio #mechine and material removal
energy utilization ratio #mgchine Of the machine tool will be
obtained according to Eqs.(2) and (3).

= 2
77machine Ecutting / Emachine ( )

3)

u . =FEK_|FE
machine material cutting

where Eqeriar 18 the material removal energy that consumes at
the tool tip to directly remove the workpiece material (Fig.2).

® Machining task

In a machining workshop, many machining tasks are
machined at the same time. For a specific machining task, it
will be machined by several ordered operations according to
its process route. In order to obtain the energy consumption
and energy efficiency of the machining task, the process route,
quantity of machining task, machine tool of each operation,
and start and finish time of each operation should be known.

In recent years, many machining workshops use the
Manufacturing Execution System (MES) to dispatch
machining task to a specific machine tool and operator. Hence,
the required process route, quantity of machining task,
machine tool of each operation and machining start and finish
time of each operation can be acquired from the MES. With
the energy consumption of the machine tools under different
operating states, as shown in Egs.(4) and (5), the material
removal energy utilization ratio wuw.« and specific energy
consumption (SEC) [25] can be obtained.

9 9 (4)
_ r r r r
um.vk - Z Emateria/ z (Evtandl)_v + Eair + Ecutting )
r=1 r=1

SEC = 3 (Efpy + El, + EL ) /N )
r=1

where E,uerias Evanarys Ewr and E.,.,, are the material removal
energy consumption, standby energy consumption, air cutting
energy consumption and cutting energy consumption of the 7
operation. ¢ is the total number of machining operations. N is
the quantity of machining task.

® Machining workshop

The energy efficiency of the machining workshop are
related to the energy consumption of the machine tools and
auxiliary equipment. With the acquired energy consumption
of machine tools and auxiliary equipment, the machine tool
energy utilization ratio pworsiop and cutting energy utilization
ratio Uworkshop Of the machining workshop can be obtained
according to Egs.(6) and (7).

m

m P
- i i j (6)
p workshop Z Emachine z Ema(:hine + Z Euuxi[ialy
i=1

i=1 Jj=1

m m

— i i 7
uworkxhop - Z E('utring/z Emachinﬁ ( )
i=1

i i=1

where E,..... and E.,. are the total energy consumption and
cutting energy consumption of the i machine tool, £, is
the energy consumption of the j# auxiliary equipment, m and
p are the total number of machine tools and auxiliary

equipment in the machining workshop.
2.4 Application layer

The application layer is responsible for providing energy
efficiency data to different users, such as the machining
workshop managers, production planners and machine tool
operators.
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3. Industrial application

Based on the proposed approaches, an IoT based energy
efficiency monitoring system for machining workshop was
developed. The initial edition of the system was in Chinese.
For the sake of understanding, we translated the main parts of
it into English.
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Fig.5 The application machining workshop
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As shown in Fig.5 and Fig.6, the proposed IoT based
energy efficiency monitoring system has been applied in a
machining workshop with 25 machine tools, 24 LED lamps,
10 ventilation fans, 5 air conditioners, 2 transport equipment
and 2 air compressors. The power sensors used in the
application case were the HC33C3 power sensors provided by
Changzhou Huice Electronic. The industrial personal
computers were developed by our group. The wireless routers
and application server were provided by HUAWEI. With the
application of the proposed system, some potential
opportunities for energy efficiency improvement have been
discovered. The details will be discussed with practical cases
as follows.

3.1 Machine tool level

In this case, as shown in Table 1, the energy efficiency and
operating time of the milling center 202# the nine days were
obtained by the proposed system. It can be found that the
cutting energy utilization ratio of eight days was more than
65%. The highest one was 86.64%. However, the cutting
energy utilization ratio on 2017-07-14 was only 53.31%. This
is very abnormal.

Reviewing the operating state of the machine tool, it was
found that the machine tool was standby for more than 5
hours on 2017-07-14. When checking the machining task
record in the MES, we found that the machining tasks
dispatched to this machine tool was very small. The reason for
the low cutting energy utilization ratio was that the standby
energy consumption took a big proportion of the total energy
consumption. To reduce the standby energy consumption, the
machine tool or the machine tool components such as the chip
conveyor and lamp should be shut up when there is no
machining task dispatched to the machine tool.

Moreover, as shown in Table 1, the material removal
energy utilization ratio of the machine tool is less than 40%.
This indicates that only a little energy is consumed to directly
remove the workpiece material. The main reason was that
many energy-consuming machine tool components such as
the cooling pump and oil mist separator were activated during
the machining process. To improve the material removal
energy utilization ratio, dry machining is an alternative energy
efficient machining method [26].

3.2 Machining task level

In this case, as shown in Table 2 and Table 3, two batches
of drive shafts were machined under process route I and II
process route. When compared to process route I, it was found
that the SEC of process route II decreased by 13.51% and the
material removal energy utilization ratio increased by 23.21%.
Process route II was a better choice to machine the drive shaft.
There were two reasons for this phenomenon. The first one
was that the standby energy consumption of process route II
was less than the process route 1. The difference lay in the
method to locate the workpiece of different operators. For
some operators, their methods were time consuming and
hence energy consuming because the machine tool was
standby during this period. The second one was related to the
machine tool and cutting parameters of each operation.
Different machine tools and cutting parameters were selected
to perform machining of the same machining task. The cutting
energy and material removal energy of each operation varied
with the machine tool and cutting parameters. Proper selection
of machine tool and cutting parameters increased the material
removal energy and reduce the cutting energy.

To enhance the energy management of the machining task,
the following two methods may be effective. Firstly,
monitoring the process route (i.e. machine tools, cutting
parameters) and the energy efficiency of the machining task,
then a better process route can be obtained by comparing the
records. Secondly, it is necessary to establish an energy
consumption benchmark for a specific machining task. By this
mean, the standby energy consumption can be reduced.

3.3 Machining workshop level

In this case, the energy consumption of the machining
workshop during 10 days was obtained and listed in Table 4.
It was found that the machine tool energy utilization ratio of
the machining workshop of each day was different. The
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average was 63.88%. However, it only accounted for 55.03%
and 52.21% on 2017-07-20 and 2017-07-21.

Reviewing the machining process during the 10 days, the
amount of machining tasks on 2017-07-20 and 2017-07-21
were smaller than the other eight days. However, the auxiliary
equipment were always working regardless of the amount of
the machining tasks. Hence, shutting up some auxiliary
equipment in the machining workshop timely according to the
amount of machining tasks in MES is an effective way to
reduce energy consumption of the auxiliary equipment.

Moreover, as shown in Table 4, the average cutting energy
utilization ratio of the machining workshop was 53.09%. On

Xingzheng Chen et al. / Procedia CIRP 72 (2018) 1386—1391

2017-07-24, it was only 40.13%. The main reason was that
many machine tools were standby in a long time and waiting
for the incoming machining task besides the necessary
standby time for locating a workpiece. This increased the
standby energy consumption. To reduce the standby energy
consumption, two directions can be taken into consideration.
On one hand, some machine tools or machine tool
components such as the chip conveyor and lamp should be
shut up according to the real-time machining task in MES. On
the other hand, the machining task must be better scheduled
for energy reduction consideration.

Table 1 Energy efficiency and operating time of milling center 202#

Standby  Air-cutting Cutting  Running Standby  Air-cutting Cutting  Total Material Cutqn‘g energy Material
Date time time time time energy energy energy energy removal energy utilization  removal energy
(KWh) (KWh) (KWh) (KWh) (KWh) ratio utilization ratio
2017-07-11 2h16min 19min ~ 6h37min  9h12min 10.23 1.95 64.83 97.35 21.92 70.70% 31.85%
2017-07-12 3h46min 24min  4h59min  9h9min 17.05 2.45 85.71 105.21 17.22 81.47% 20.09%
2017-07-13 4h24min 27min  4h33min  9h23min 19.87 2.76 45.74 68.37 16.19 66.90% 35.40%
2017-07-14 5h53min 15 min 4h9min  10h17min 26.57 1.55 32.11 60.23 10.23 53.31% 31.86%
2017-07-15 3h37min 27min  Sh4lmin  9h45min 16.33 2.82 65.42 84.57 16.86 77.36% 25.77%
2017-07-16 2h39min 21 min ~ 6h3Imin  9h31min 11.95 2.19 104.72 118.86 31.84 88.10% 30.40%
2017-07-17 3h9min 38min  6h2Imin  10h8min 14.23 3.98 109.71 127.92 40.58 85.76% 36.99%
2017-07-18 3h4min 42min  5h53min  9h39min 13.86 433 86.37 104.56 31.91 82.60% 36.95%
2017-07-19 2h29min 21 min ~ 6h56min  9h46min 11.22 2.17 86.83 100.22 21.96 86.64% 25.29%
In total 31hl16min  3h54min  51h40min 86h50min 141.31 24.20 685.44 867.29 208.71 79.03% 30.45%
Table 2 Energy efficiency of machining task under process route I
Material . Material
Machine  Cutting . Cutting Stap dby T.otal removal Standby  Cutting Total Removal SEC
No. tool tool Quantity parameters time time energy energy energy - energy energy (KWh/piece)
(min) — (min) g (KWh)  (KWh)  (KWh) i ation ratio
Lathe Cutter n=250r/min o
1 1154 102332 100 £ =25 mm/min 435.81 975.13 13.76 13.65 62.45 83.29 16.52% 0.83
Milling center Cutter n=2000r/min o
2 2044 203725 100 £ =160mm/min 345.42 758.92 5.02 8.93 13.87 27.75 18.09% 0.28
Total energy consumption of the task: 95.72 KWh Specific energy consumption of the task SEC: 1.11 KWh/piece
Standby energy consumption of the task: 16.89 KWh Material removal energy consumption of the task: 18.78 KWh
Table 3 Energy efficiency of machining task under process route 11
Material . Material
Machine  Cutting . Cutting Stavndby Total removal Standby  Cutting  Total Removal SEC
No. tool tool Quantity parameters time time energy energy energy - energy energy (KWh/piece)
(min) (min) (KWh) (KWh) (KWh)  (KWh) utilization ratio
Lathe Cutter n=300r/min o
1 1104 102332 100 £ =25mm/min 352.72 698.54 16.89 9.73 55.52 72.14 26.19% 0.72
Milling center Cutter n=2500r/min o
2 2004 203725 100 £ =200mm/min 313.17 613.37 6.25 7.16 11.77 23.58 34.99% 0.24

Total energy consumption of the task: 95.72 KWh
Standby energy consumption of the task: 16.89 KWh

Specific energy consumption of the task SEC: 0.96 KWh/piece

Material removal energy consumption of the task: 23.14 KWh

Table 4 Energy consumption of the machining workshop during 10 days

Standby energy Air-cutting Cutting energy Total energy Total enerey Total enerey Cutting ~ Machine tool
. energy . . consumption of  consumption of
consumption of : consumption consumption . . energy energy
Date . consumption of . . auxiliary machining R oo
machine tools machine tools of machine tools of machine tools equipment workshop utilization utilization
(KWh) (KWh) (KWh) (KWh) (KWh) (KWh) ratio ratio
2017-07-16 312.75 53.27 480.10 846.12 489.31 1335.43 56.74% 63.36%
2017-07-17 371.33 42.18 258.73 672.24 360.61 1032.85 38.49% 65.09%
2017-07-18 256.27 62.95 648.90 968.12 455.86 1423.98 67.03% 67.99%
2017-07-19 272.31 58.25 578.48 909.04 392.73 1301.77 63.64% 69.83%
2017-07-20 271.35 52.13 233.81 557.29 455.43 1012.72 41.95% 55.03%
2017-07-21 215.78 42.36 202.47 460.61 421.58 882.19 43.96% 52.21%
2017-07-22 331.22 61.96 484.86 878.04 387.75 1265.79 55.22% 69.37%
2017-07-23 281.82 44.13 453.23 779.18 352.57 1131.75 58.17% 68.85%
2017-07-24 313.59 58.29 249.31 621.19 401.35 1022.54 40.13% 60.75%
2017-07-25 265.62 54.74 283.88 604.24 407.58 1011.82 46.98% 59.72%
In total 2892.04 530.26 3873.77 7296.07 4124.77 11420.84 53.09% 63.88%
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4. Conclusion

Potential for energy savings in the manufacturing sector
lies not only in optimizing production process for energy, but
also in developing novel energy monitoring approach [27]. In
this paper, an [oT based energy efficiency monitoring system
for machining workshop is proposed. To validate the
effectiveness and benefits, an industrial application of the
proposed system is demonstrated. With the proposed system,
potential opportunities for energy efficiency improvement can
be identified.

To the authors’ knowledge, no paper has proposed an IoT
based energy monitoring system for machining workshop like
the work presented here. This work compliments the work in
[28] that proposed a general framework of energy
consumption monitoring system, thereby making the proposed
system in this paper more applicable to machining industrial
settings. With the application of the proposed system,
manufacturers can easily reduce energy consumption and
energy cost by effectively managing the machining process.
Furthermore, a sustainable reputation of the machining
industry will be demonstrated to the public.

This research can be extended in several directions. For
instance, the energy efficiency of the machining task is highly
depended on the process route and cutting parameters of each
operation. With the application of the proposed system, the
relationship between energy efficiency of machining task and
process route, cutting parameters can be constructed. Better
process route and cutting parameter schemes can be obtained
by further data mining. Future work also includes monitoring
multiple machine tools by using one industrial personal
computer to reduce the hardware cost.
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