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Chapter-1

Introduction
1.1 Overview
Industrial manufacturing processes deploy or utilize physical processes such as cutting,
grinding, stamping, welding, etc. All these processes involve the use of energy input to
achieve the desired transformation during the process. Hence these transformation events
can be measured, analyzed and understood through specific process signals such as Forces,
Power, temperature, vibration, displacement, etc. These signals are the signature and
represent the "Vital signs" of the process and its condition. Of these signals, measuring the
power and displacement are relatively easy, practical and can be mobile. Hence this project
has focused on these two signals.
In the industrial world, our goal is to leverage the capabilities of the physical processes.
Mobile diagnostic tools will enable this capability substantially. All signals of physical
processes are analog in nature. Digital technology enabled tools permit the collection and
processing of these signals very efficiently. Also along with the process signals we get
substantial noise in the signal from other extraneous sources. We can also use digital
technology based filters to filter the noise as required. During the course of this project, we
have used such signal processing tools and methods, as illustrated in the results section.
Industrial manufacturing processes involve physical processes augmented by service
processes (largely enabled by IT and Logistics tools). While physical processes are domain
specific the service processes are domain neutral. The future goal can be to exploit the
signals for immediate or near term problem solving on the manufacturing floor. Longer
term goal should be to use IT tools and processes extensively to further leverage such
physical process signals. One example will be super-imposing of signals obtained from the
process at two different times or from two similar applications. Such process signal based
solutions can substantially help to improve the manufacturing operations and their
economics.
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1.1.1 Diagnostic tools
Typically, a manufacturing system is setup to achieve certain quantifiable targets. Overtime,
due to various reasons, the system may be performing below the target. To effectively
troubleshoot the problems, it is imperative to know what is going understand the
microscopic interactions that affect the process. This can be done by developing diagnostic
solutions that can give indications to problems and thus help the manufacturing system to
attain its targets.
By the effective use of the process diagnostics and process optimizations, the system can be
made to perform above its targets. Once in a while, we see step-change innovations which
raise the targets to a whole new level. This requires extensive Process management before
and after for successful implementation. [1]
Portable diagnostic systems are ideal as they can be easily deployed on the machine floor
and can be transported easily to any location required. Such mobile diagnostics tools enable
a return to focus on the “Physics” or “Science” behind the physical process and the nature of
the microscopic interactions that give rise to the various process and output parameters.

Figure 1: Potential Opportunities with in-process diagnostics [1]

1.1.2 Applications of the portable diagnostics


Documentation of machine capability: Data can be collected about the machine
static stiffness, positioning accuracy, precision, process capabilities, etc.

2



Data to model real life process at R&D locations: By measuring critical parameters
such as unit width MRR, equivalent diameter, etc. of the industry based processes
and matching them with the process parameters in an existing R&D setup, we can
replicate the characteristic microscopic interactions of the actual processes for
modeling and experiments.



Optimization of the process: They can be used to optimize the process in terms of
optimizing the grinding and dressing cycles, reducing cycle time, reducing the total
cost per part, etc.



Process Improvement: By in-process monitoring, it can help us in studying the
effects of changing the inputs such as coolants, abrasives, etc. on the microscopic
interactions and hence the part quality.

1.1.3 Why grinding?
Grinding is a surface generation process that occurs through a set of machining and
tribological interactions occurring simultaneously. The applications of grinding can be
found in most industrial areas, including aerospace, automotive, nuclear, optical devices,
transportation, medical devices and electronics where high surface quality and fine
tolerance are required on the components. Nowadays, grinding becomes the most critical
surface finishing process which accounts for about 70% within the spectrum of precision
machining [2].
During the grinding process, we are always trying to balance two phenomena: quality/
tolerances and productivity/cost. This happens through a set of machining and tribological
interactions occurring simultaneously.
Grinding is one of the few surface generation processes that are suitable across a range of
productivity and functional quality requirements.(Figure 2) It can vary from very high
surface removal rates, called “Rough Grinding” to very high functional quality called
“Ultra-precision grinding”. In majority of the cases, grinding is used in the intermediate
zone, trade-off between the demands for higher productivity and better functional quality,
these are called “Precision grinding” processes [3]. Grinding is generally the finishing
process in most manufacturing setups and thus, through grinding, we are adding value to
parts which are already of high value.
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Figure 2: Functionality vs. Productivity of the grinding process [1]

Thus, as a first step, the portable diagnostic tool is being developed to evaluate the grinding
process.

1.2 Objective and Scope of the project
The objective of the project is to develop a portable diagnostic device for measuring the inprocess parameters in the grinding process.
The scope of the project is:


The device must be portable; this makes it possible to monitor processes on any
machine wherein such a sensor may be used. This should also make it more
attractive for use in the industry, to address real world problems and in their
resolution.



The construction of the device must be modular with respect to both hardware and
software; more sensors may be attached as and when required with minimal change
to the system.



The user interface must be easy to use and should export the values to spreadsheet
software like MS Excel. It should be able to automatically generate reports.
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1.3 Organization of the report
This report has been organized into five chapters.
Chapter 2 presents a brief literature survey of the various developments in the field of inprocess monitoring of grinding.
Chapter 3 presents the methodology for System development and the various modules that
were developed.
Chapter 4 presents the details of the experiments that were conducted to show the working
of the tool and to make inferences about the system based on it.
Chapter 5 summarizes the work and lays out the scope for future work on the diagnostic
tool development.

5

Chapter-2

Literature Review
Grinding is a surface generation process that occurs through a set of machining and
tribological interactions occurring simultaneously. The applications of grinding can be
found in most industrial areas, including aerospace, automotive, transportation, medical
devices and electronics where high surface quality and fine tolerance are required on the
components.

2.1 Grinding System
All industrial processes (such as the grinding process) can be seen as an inputtransformation-output system. [4]

Figure 3: The Grinding System based on the Systems approach given in [4]

When taking the process as a whole, every abrasive process is influenced by the abrasive
product used, machine tool involved, work-material and operational variables (Figure 3).
All these four input categories interact with each other, which culminates in the output or
abrasive machining process results. Irrespective of the choice of variables in the four input
categories, for every grinding process it is possible to visualize the four interactions between
the abrasive product and the work material in terms of abrasive/work interface, chip/bond
interface, chip/work interface, and bond/work interface [5].
A major thrust for grinding is due to its high precision and close tolerances across a wide
range of conditions. Thus, the effectiveness of the grinding process can be seen as a product
of the functional quality and productivity of the surface generation process.
Accurate process modelling of the grinding process in order to predict the resulting output
quality is extremely difficult considering that abrasive processes are complex, dynamic (time
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dependent) and multi variable in nature. They are simultaneously influenced by a large
number of parameters [5]. This complexity in turn has resulted in the treatment of many
manufacturing processes as “black box” systems amenable only for statistical process
control.

2.2 In-Process Monitoring of grinding
Typically, abrasive processes are: [6]


Considered to be highly complex



Dependent on a large number of input variables



Non-stationary, i.e. the mechanisms change with time

All the grinding performance characteristics are interrelated with the process input
parameters through the wheel-workpiece contact zone. This becomes extremely complicated
when it comes to precise quantitative evaluation for the process performance due to the lack
of perception in the wheel-workpiece contact zone. [7]
By monitoring the in-process signals such as power, displacement (relative motion),
vibration, etc. we can get an insight into the actual process interactions that are going on and
thus use that knowledge for the purposes of control and optimization of the process
(Figure 4)
The monitoring system consists of sensors, which measure the output signals of the process,
signal conditioning equipment and a device for analysis of the raw data.
The different targets that are followed by observing the output signals have been shown in
Figure 5. [6]
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Figure 4: Various parameters that can be measured, both in-process and post process

Acquire data and
knowledge
•for quality
documentation
•for technological
databanks
•for knowledge
representation

Keep constraints
with respect to
•the end product
•the process
•the machine
•the environment

Optimize the process
with respect to
•Productivity
•Cost
•Quality

Figure 5: Monitoring Targets [6]

2.2.1 Process Parameters measured in grinding
2.2.1.1 Force
A schematic of the force components in the grinding process is shown in Figure 6.
These single forces result from a number of individual forces from the momentarily active
cutting edges in contact in the area between the grinding wheel and the work-piece.
Depending on the degree of resolution, a difference can be made between the forces acting
on the individual cutting edges.
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Figure 6: Forces in Grinding [6]

Typically, Normal force has been considered to be a characteristic for the grinding process,
but, tangential force can also be used. This force is usually more difficult to measure directly.
Thus, the grinding power is often used as the product of grinding velocity and tangential
force.
𝑷𝒄 = 𝒗𝒄 × 𝑭𝒕

Eq. 1

𝑃𝑐 is the cutting power, 𝑣𝑐 is the cutting velocity and 𝐹𝑡 is the tangential force
The force can be measured using piezoelectric crystal based force sensors (e.g. Kistler 9257B
Dynamometer) which give a very good dynamic response. Another way to estimate the
tangential force is from the motor power measurement (

Eq. 1) and accounting for the

efficiency loss due to the motor and the powertrain. Alternatively, it can also be measured
through high-class displacement sensors. The force can be acquired indirectly on the
promise of exact evaluation of the system stiffness [8].
The cutting power can be found by measuring the motor power, 𝑃𝑚 by knowing the power
transmission efficiency (motor and power-train), 𝜂𝑝𝑡 using the following equation:
𝑷𝒄 = 𝑷𝒎 × 𝜼𝒑𝒕 Eq. 2

2.2.1.2 Vibration
Vibration monitoring in grinding machines is used mainly for two purposes:


To determine the forced vibrations and to detect unbalances or other external sources
of vibrations



To detect self-excited vibrations, i.e. chatter
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Typically, it is used in balancing of the abrasive wheel spindle during the grinding process.

2.2.1.3 Acoustic emission (AE)
AE has a rapid response to the change of the grinding process. AE energy comes during the
contact between the wheel and the workpiece due to deformations through dislocations and
distorted lattice planes, twin formation of polycrystalline structures, phase transitions,
friction, crack formation and propagation as well as thermally and mechanically induced
structural changes. , abrasive grain breakage, crack formation, deformation and friction.
Since AE and mechanical system occupy different characteristic frequency domains, AE
monitoring is especially suitable for burst-type malfunction and instantaneous change in
grinding process without interference from the mechanical system. [9]
The signals from Acoustic Emission (AE) sensors are covered by many other noise sources in
the system like bearings or coolant. Thus, the location of the sensor and the transmission
path are very important.

2.2.1.4 Electric Power
Power consumption of the spindle drive can be obtained by measuring the Current, Voltage
and the phase angle between each of the phases. The real power consumed by a spindle
motor is given by:
𝑃𝑅 = 𝑉 × 𝐼 × cos(∅)

Eq. 3

𝑃𝑅 is the real power consumed, V is the voltage, I is the current, and ∅ is the phase lag
between the voltage and the current.
The benefit of these sensors is that the sensors are small and portable and don’t encroach in
the workspace of the machine tool and have no negative impact on the process. Also, these
sensors are typically small in size and hence portable.
The dynamic range of the sensor is low and hence the signals are usually damped.

2.2.1.5 Temperature
Every material removal processes, especially abrasive processes, generate significant
amounts of heat which may cause a deterioration of the dimensional accuracy of the
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workpiece, an undesirable change of the surface integrity state or lead to increased wear of
the tool.
Grinding processes transform kinetic energy mainly into thermal energy. A substantial part
of the thermal energy is transferred into the workpiece and heats up the workpiece surface
and subsurface layers. [6]
All techniques for the temperature determination are based on heat conduction or heat
radiation. The most preferred heat conduction based sensors are thermocouples. The heat
radiation based sensors include infrared radiation pyrometers and thermography
instruments.

2.2.1.6 Displacement
An important feature of any material removal process is its MRR (Material Removal Rate).
For accurate calculation of the MRR, we need to measure the change in the position of the
tool with respect to the workpiece. This can be done with the help of displacement sensors.
The displacement sensors can also help in analysing other parameters such as static stiffness,
positioning accuracy, etc. of the machine.
There are various sensors available for displacement measurement:


Inductive gaging probes



Fiber-optic laser based displacement sensors



Linear variable Differential Transformers



Capacitive displacement sensors



Eddy current displacement sensors

The most widely used sensor for displacement measurement in the range of a few
millimetres (mm) with a resolution of 0.01 mm or lower is the LVDT. They are lightweight,
robust and have a very long life.
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2.2.2 Grinding Power

Figure 7: Literature on the various signals studied for the in-process monitoring of grinding

As can be seen from Figure 7, power monitoring in grinding has not yet been fully explored.
Based on discussions with Dr. K Subramanian, of the STIMS institute, it was decided that as
the power sensors are relatively small and hence portable, and the least intrusive on the
workspace, the first step would be to monitor power along with the in-feed of the abrasive
wheel. The in-feed of the abrasive wheel would be measured using a Linear Variable
Differential Transformer (LVDT).
Grinding shows a strong time-dependent characteristic. As the grinding wheels get worn,
loaded, or glazed, the power curve will show a prominent change as shown in Figure 8. [1]

Figure 8: Superposition of power curves at different cycles
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Each individual grinding cycle consists of several segments: rough, semi-finish, finish, spark
out, etc. The plot of Power vs. Material Removal Rate (MRR) can be obtained by curve fitting
into a straight line. The plot of Power vs. MRR between cycle 1 and cycle 5 helps us in
understanding the microscopic interactions of the grinding process. The Power can be
decomposed into the threshold and cutting components and other time dependent
components as shown in Figure 9.

Figure 9: Decomposition of Power curve and its correlation with the 6 modes

2.3 Summary
There are many in-process parameters that can be monitored for evaluation and
understanding of the physics behind the grinding process.
Of these signals, measuring the power and displacement are relatively easy, practical and
can be mobile. The monitoring of power vs. MRR and its variation with time gives an insight
into the six-fundamental interactions in the grinding zone and the relative distribution of the
magnitude of each.
Hence, this project has focused on these two signals.
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Chapter-3

Development of In-Process Diagnostic Tool
Based on the review of existing literature on the in-process monitoring of grinding, it was
decided to monitor the power and displacement during the grinding process. Keeping the
constraints of modularity and portability in mind, a systems view of the diagnostic tool was
developed.

3.1 Systems View of the diagnostic tool

Figure 10: A systems view of the diagnostic tool

The diagnostic tool can be considered as an input, processing, output system.

3.1.1 Inputs


Hardware: Three components make up the diagnostic tool: sensors, Data Acquisition
System (DAQ) and the processing, visualizing tool (Laptop).
Important aspects here are the selection of the right kind of sensors in terms of
sensitivity, range, response time, etc. and their placement on the machine tool. The
DAQ must have a high resolution and speed for efficient Analog to Digital
Conversion (ADC) of the signal.



Software: The software can be further divided into the front end (User Interface),
data acquisition and visualization, processing and storage.



Application: This refers to the application/tool which is being evaluated by the
diagnostic tool.
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Constraints: This refers to the constraints on the development of the tool as well as
during its use such as its portability – for use on the shop-floor, modularity – to be able
to add more sensors to the system in the future, etc.

3.1.2 Processing
Processing refers to the background applications that execute the data storage, processing on
the data. This also includes signal processing and the fusion of data from many sensors.
Advanced processing includes the physical model based analysis of the systems to bring out
important data about the science behind the process.

3.1.3 Output


Technical Output: This refers to the technical objectives accomplished such as
troubleshooting of machine problems, verification of research hypothesis, etc.



Systems Output: This refers to the overall objectives accomplished by the use of the
diagnostic tool such as process cycle optimization, process improvement,
documentation of the machine capabilities, cost reduction etc.

3.2 Hardware development

Figure 11: Schematic of the Hardware System
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As can be seen from Figure 11, the main hardware components are the sensors – the power
measurement instrument and the Linear Variable Differential Transformer (LVDT), the Data
Acquisition System (DAQ) and the PC.

3.2.1 Selection of the sensors
3.2.1.1 Power Measurement sensor
Based on the specifications of the motor of the surface grinding machine (Alex NH 500), the
CNC milling machine (ACE Micromatic DTC-300) the spindle motor specifications of the
machine tool were taken, the highest specifications from both the cases were taken into
account and were used as the specifications of the power sensor.

Figure 12: LoadControl Power Cell

The specifications thus arrived at were:


220V/ 415 V, 3φ, 50Hz;



Alternating Current(AC) servo motor/AC motor with Variable Frequency Drives
(VFD)



Rated current – 23 A



Fuse current – 63 A



Size of wire – 10 sq. mm



kVA rating – 20 kVA
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Control voltage – 24 V



Operating frequency – 0 to 400 Hz (to control the motor)

Measurement Requirements:


Response time of measurement – < 50ms



Resolution – 0.01 kW



Range – 0 to 50 kW



Portability



Output – Real Power

A comparative statement of the various options that were available is shown in Table 1.
Based on the comparison, the 1st option, of the UPC-FR-230 by LoadControls Inc. was
selected.
The specifications of the UPC-FR-230 powercell are as follows:






Input:
o

Voltage: max 600 V

o

Measurement: 3 phase, 3 wires / 1 phase, 2 wires

o

Frequency Range: DC (0 Hz) to 1000 Hz

o

Power Range monitored: max 100 kW

Output:
o

Computed parameters: Real Power (kW)

o

Response time: 50 ms

o

Communication: 0-10V analog or 4-20 mA analog

Portability:
o

Size: 203x136x45mm (lxbxh)

o

Weight: 0.91 kg

3.2.1.2 Displacement Sensor
The displacement sensor is required to measure the abrasive wheel slide infeed into the
workpiece. Of the wide range of options available, the most feasible were the Linear
Variable Differential Transformers (LVDTs).
The specifications of the LVDT arrived at were:
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Range – 0 to 10mm (Operating distance)



Resolution – 0.01 mm



Frequency of readings – 10 Hz



Linearity Error - < 0.1%



Mechanical Interface – contact with the slide fixed to frame of the machine. Spring
loaded would be ideal



Output – 0-10 V DC is ideal for easy interfacing with the DAQ system

A comparative statement of the various options available are shown in (Table2)
Based on the comparison, the DC-LVDT, DCTH-200AG-L10 by RDP Electronics was selected.
The order for the LVDT has been placed and is yet to arrive.

Figure 13: DCTH-200AG-L10 DC LVDT from RDP Electronics

The specifications of the DCTH-200AG-L10 are as follows:


Type: DC LVDT



Range: ± 5mm



Linearity error: < 0.1 % full-scale reading



Sensitivity: 5mV/V/mm



Spring Loaded



Power Input: 12-30V, 30mA, DC



Output Signal: 0-10 V (or -5V to +5V)



Dimensions: 77x21mm (lxd)



Weight: 83g
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3.2.2 Data Acquisition System
For the purpose of acquiring analog data and discretizing it and transferring to the
computer, a Data Acquisition System (DAQ) is required.
The lab already has a High-Speed, High dynamic range DAQ, the National Instruments, NIPXI-4472.
For the purposes of these experiments and as the emphasis is on portability, a USB based
DAQ; the NI-USB-6211 was borrowed from the Centre for Innovation (CFI) and used for the
experiments.

Figure 14: NI-PXI-1042Q Chassis with NI-PXI-4472

Figure 15: NI-USB 6211 DAQ

Specifications of the NI-USB 6211 which was used for making measurements:


Channels: 16 single, 8 differential



Resolution: 16 bits



Sample rate: 250 kS/s



Maximum voltage range: -10V to 10V



Maximum Voltage Range accuracy: 2.69 mV



Communication: USB 2.0

3.2.3 Computer
The computer is used for processing, storing and displaying the data.
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A laptop was used for this purpose.

3.3 Software Development
The software used for acquiring the signals, pre-processing them and storing the data was
National Instruments LabVIEW.

Figure 16: LabVIEW Control Panel
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Figure 17: LabVIEW Block Diagram

3.4 Information Flow Architecture

Figure 18: Schematic of the information flow through the system

The sensors are mounted on the grinding machine. They collect the data about the inprocess signals. Also, the details about the inputs and the outputs are collected.
The sensor signals are routed through the Data Acquisition System where the analog signals
are discretized and then to the NI-LabVIEW where the signal conditioning and processing
takes place. The raw signal data as well as the processed data is stored in files which can be
used for future analysis.
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Chapter-4

Experimental Studies
The diagnostic tool was developed with the powercell. Initially, experiments were
conducted to test the specifications of the powercell. Subsequently, experiments were
conducted on a surface grinding machine and the behavior of the powercell with respect to
the tangential force measurements from a dynamometer was verified. Additionally, derived
parameters such as Power vs. MRR’ and the grinding time constant were also evaluated.

3.5 Trials on the ice-bonded abrasive machine

Ice-Bonded Abrasive
Polishing Machine

Figure 19: Experimental Setup on the ice-bonded abrasive machine

An experiment was conducted on the custom made ice-bonded abrasive polishing machine
in the lab. This was conducted to test the power sensor. Figure 19 shows a schematic of the
setup. A plot of the data that was obtained is shown in Figure 20.
The current going to the motor was controlled using the Electronic Drive manually to test
the response of the sensor. The sensor responded within 0.1 seconds to reach the peak value
which is suitable for our requirements.
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Figure 20: A plot of the motor power vs. time

The least full-scale range of the Power sensor is 5 HP, which was scaled down to 1.25 HP by
passing the wires through the hall-effect sensor 4 times. The current detected is 4 times the
actual value and hence the power detected is also 4 times the actual value.
An additional observation made was the eccentricity in the motor can be seen at very low
loads. The frequency of the bumps corresponds to motor rotation speed of 135 rpm.

3.6 Alex-NH 500 Surface Grinder

Figure 21: Experimental Setup – Part 1

Figure 22: Connection to the PowerCell
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3.6.1 Experimental Setup
Figures 21-25 show the experimental setup. The experiments were conducted on the Alex
NH-500 Surface Grinder at the UG-PG Lab. The sensors used were the PowerCell, to
measure real power and the Kistler Dynamometer to measure the tangential and the normal
forces.

Figure 23: Experimental Setup – Part 2
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Figure 24: The tool-work interaction zone

Figure 25: Schematic of the connections
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3.6.2 Experimental Details
The details of the experiments conducted are:


Process: Face grinding



Work material: Mild steel



Work-piece dimensions: Ground face – 70mm x 10mm



Abrasive: Al2O3 wheel (AA 60 K5 V8)



Coolant: No coolant (Dry grinding)



Speed: Wheel speed varied from 1500-3500rpm; slide traverse speed: 0.15m/s (avg)



Depth of cut: Varied from 5 to 30 μm



Operation details: A certain depth of cut was given and the system was allowed to
come to equilibrium by sparking out. The cutting action is periodic in nature due to
the oscillatory motion of the work slide.



Sensors used: PowerCell and Dynamometer



Powercell Calibration: (UPC-FR-230)



o

Full-range of powercell: 5 HP

o

Motor Power Rating: 2 HP

o

Number of turns through the hall-effect transducer: 2

o

Full scale output: 10 V for 2.5 HP

o

Thus, sensitivity of the sensor: 0.25 HP/V

Dynamometer Calibration:
o

Channels measured: 𝐹𝑥 & 𝐹𝑧

o

Dynamometer sensitivities: (Kistler 9257B)

o





X-channel: 7.5 pC/N



Z-channel: 3.7 pC/N

Charge Amplifier Gain: (Kistler 5109B)



X-channel: 100 N/V



Z-channel: 100 N/V



Time constant setting: Medium (100s)

DAQ settings: (NI-USB-6211)
o

Sampling frequency: 10,000 Hz

o

Mode: continuous, 1000 readings per sample.
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Table 1: Design of experiments (Case numbers)
Speed→ /Depth of cut ↓

1500 rpm

2500 rpm

3500 rpm

5 μm

1.1

2.1

3.1

10 μm

1.2

2.2

3.2

15 μm

1.3

2.3

3.3

20 μm

1.4

2.4

3.4

25 μm

1.5

2.5

3.5

30 μm

1.6

2.6

3.6

3.6.3 Data Acquisition and analysis
A sample of the raw signal from the Power Cell and the Dynamometer is shown in Figure
26, 27.
As can be seen from the plots, there is lot of high frequency noise which needs to be
removed to obtain accurate measurement of data.

Figure 26: Raw Power Signal from the Powercell for wheel speed of 1500rpm, d.o.c of 20μm
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Figure 27: Raw Tangential Force (Fx) from the Dynamometer for wheel speed of 1500rpm, d.o.c of 20μm

For the purpose of noise removal, first a Discrete Fourier transform (DFT) of the signal was
taken. It was observed that the maximum amplitude of the signals is below 20Hz. There are
additional harmonics due to the line voltage frequency of 50Hz. Thus, all the frequencies
above 45Hz were truncated and the inverse Fourier transform of the signal was taken to get
back the filtered signal with less noise. The Figure 28, 29 shows the DFT of the raw and the
filtered signals.

Figure 28: Frequency domain spectrum of raw 𝑭𝒕 signal for wheel speed of 1500rpm, d.o.c of 20μm
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Figure 29: Frequency domain spectrum of the filtered 𝑭𝒕 signal for wheel speed of 1500rpm, d.o.c of 20μm

The applied filter reduces the noise in both the signals considerably. Then, the signals were
further smoothed using a 2nd order Savitzky-Golay filtering.
The Figures 30, 31 show the filtered power and tangential force signals.
The power signals show a prominent peaks which correspond to the points when the cutting
action takes place between the abrasive wheel and the workpiece. The peaks show an
exponential decay curve, which was fit using an exponential decay function. (Figure 32)
On the other hand, the force signals show some kind of corresponding clustering at the same
time the cutting action can be seen in the power signals. This clustering shows a similar
decay as the power signals, in the negative x-direction. But, as the signal is very dynamic, it
is difficult to gauge the actual force value at every pass.
Therefore, the data from the power signals was analyzed to give the peak power for every
case as well as the time-constant of the decay of the power signal.
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Figure 30: Filtered Power Signal for wheel speed of 1500rpm, d.o.c of 20μm

Figure 31: Filtered tangential force signal for wheel speed of 1500rpm, d.o.c of 20μm
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Curve fit: 𝒚 = 𝒂. 𝒆𝒃𝒕

Figure 32: Exponential fitting of the Power peaks for wheel speed of 1500rpm, d.o.c of 20μm

Table 2: Tabulation of the peaks, power decay time constant for all the cases

Wheel
Speed
(rpm)

Depth
of cut
(μm)

Peak
Power
(HP)

Coeff1 Coeff2
(a)
(b)

Unit width
MRR
(mm3/mm/s)

Time
Constant

1500
1500
1500
1500
1500
1500

5
10
15
20
25
30

0.33
0.39
0.97
1.51
1.72
1.78

0.332
0.390
0.829
1.268
1.611
1.676

2500
2500
2500
2500
2500
2500

5
10
15
20
25
30

0.46
0.59
1.07
1.63
2.11
2.39

3500
3500
3500
3500
3500
3500

5
10
15
20
25
30

0.21
0.74
0.95
1.90
1.57
2.09

7.428
6.817
5.982
4.606
4.976
5.253

Goodness of
exponential
fit
(Is R2 > 90%)
Yes
Yes
No
Yes
Yes
Yes

Mean
of 1st
3
peaks
0.30
0.35
0.76
1.10
1.46
1.52

-0.135
-0.147
-0.167
-0.217
-0.201
-0.190

0.75
1.50
2.25
3.00
3.75
4.50

0.441
0.557
1.018
1.488
1.878
2.184

-0.147
-0.201
-0.267
-0.301
-0.321
-0.321

0.75
1.50
2.25
3.00
3.75
4.50

6.816
4.985
3.743
3.325
3.113
3.114

No
Yes
Yes
Yes
Yes
Yes

0.40
0.48
0.84
1.21
1.50
1.75

0.207
0.706
0.980
1.735
1.578
2.001

-0.035
-0.261
-0.315
-0.458
-0.371
-0.399

0.75
1.50
2.25
3.00
3.75
4.50

3.831
3.173
2.184
2.697
2.510

No
No
Yes
Yes
Yes
Yes

0.20
0.60
0.80
1.23
1.23
1.52

𝝉 = −𝟏/𝒃

(s)
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On plotting the Peak Power vs. the unit width material removal rate (MRR’) for the three
wheel speeds, it was observed that they show a corresponding linear trend as is given in
literature [3]. The plots are shown in Figures 33-36.
The time constant of the exponential decay of the grinding peak power was also plotted and
is shown in Figure 37.

Figure 33: Peak Power vs. MRR’ for wheel speed of 1500 rpm

Figure 34: Peak Power vs. MRR’ for wheel speed of 2500 rpm
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Figure 35: Peak Power vs. MRR’ for wheel speed of 3500 rpm

Figure 36: Peak Power vs. MRR’ for all the wheel speeds
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Figure 37: Time constant of power decay with varying depth-of-cut

3.6.4 Results and discussion


There is a linear correlation between power and MRR as suggested in literature. [3]



It is possible to see a decay of the power, characterizing the grinding time constant.
This can be used for further analysis as it is inversely proportional to the grinding
system stiffness.



In all the 3 plots of the peak power vs. MRR, it can be seen that the Threshold Power,
the y-axis intercept is almost 0. This suggests that either the process is generating a
free cutting surface with very little rubbing or the work-piece is soft and hence is
getting easily abraded or that the grinding wheel specifications are relatively soft for
this application
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Chapter-5

Conclusions and Scope for future work
A literature survey on the various in-process parameters being monitored during the
grinding process was done and the various options were evaluated.
It was decided to develop the diagnostic tool using power and displacement sensors.
The sensors were procured after detailed analysis of the sensors as per the process
requirement and comparison of the various options available in the market.
A part of the diagnostic tool for the in-process monitoring of the grinding process using
power sensors has been developed keeping in mind a systems approach to product
development. The response time of the system is 0.1 seconds.
Experiments were conducted with the power sensor and the behavior was verified with
respect to the behavior of the dynamometer.

Scope for future work
In terms of hardware, the next step would be the integration of the LVDT with the DAQ.
Later, the tool can be expanded by using more sensors such as vibration, acoustic emissions,
etc. In terms of software, robust and automated software front-end and the file-handling
backend using LabVIEW needs to be developed.
Hence, the diagnostic tool can be expanded to any machine tool where power and
displacement measurement is possible.
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