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1 

 

Chapter 1  

Introduction 

 

1.1  Background 

Metal cutting is an indispensable technology in manufacturing field 

because it is one of the most widely used methods for producing the products 

in the automotive, aerospace, and machine manufacturing industries. This 

technology continues to develop in parallel with advances of computers, 

sensors, and actuators. Hence, it is till the fundamental manufacturing 

technique and it expected to remain so for the next few decades [1].However, 

when cutting with highly flexible workpieces and/or cutting tools such as thin-

walled workpieces and long slender shaped tools, self-excited vibrations called 

chatter vibration is likely to occur between the tool and the workpiece during 

cutting. The chatter vibration is a huge obstacle in the cutting process because 

it causes a breakage/wear of the cutting tool and poor surface finish or even 

the deterioration of the machine tool life. Figure 1.1 shows chatter problem in 

numerous machining applications [2]. Moreover, a metal removal rate has to 

be reduced for the avoidance of chatter vibration, which results in a reduction 

of machining efficiency. In the actual manufacturing field, additional manual 

operations are required to clean chatter marks left on the finished surface, and 

it results in a decrease in productivity and an increase in production cost [3]. 

For this reason, significant research efforts have been made in modeling and 

predicting the chatter stability in cutting operations. 
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Fig. 1.1. Chatter problem in numerous machining applications [2]. 

 

The first attempts to describe the chatter vibration were made by Arnold 

[5], Hahn [5], and Doi et al. [6]. A comprehensive mathematical model and 

analysis was firstly introduced by Tobias [7]. A variable types of chatter 

vibrations have been studied throughout the history. The self-excited chatter 

vibrations may be caused by regeneration of the chip thickness [8, 9], mode-

coupling phenomena [10], and excitation effect from the contact between the 

flank face and the workpiece, i.e., frictional chatter [11,12]. The regenerative 

chatter is induced by regeneration of wavy surface on the workpiece left during 

the previous revolution in turning or by a previous tooth in milling during it is 

removed in the succeeding revolution or tooth period [13]. When the phase 

shift between the previous and present waves makes unstable relation, the 

maximum chip thickness may grow exponentially while oscillating at a chatter 

frequency that is close to, but not equal to, a dominant structural mode in the 

system [14]. The mode-coupling chatter occurs when there are excitations of 

two-directional orthogonal modes in the plane of cut. Specifically, it occurs if 

the vibration in the thrust force direction generates vibration in the cutting force 
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direction and vice versa, and this results in simultaneous vibration in those two 

directions [1]. The frictional chatter occurs due to the excitation effect from the 

friction force when the clearance face of the tool contacts with the workpiece 

[1, 12], i.e., ploughing process. It is known that the frictional chatter tends to 

occur when the tool is worn since the contact between the clearance face and 

the workpiece becomes critical. However, those contact between the 

clearance face of the tool and workpiece can act on a decrease in the vibration 

of the vibratory system, i.e., process damping effect occurs, when the force is 

in the reverse phase with the vibration speed [12]. The process damping 

makes system significantly stable in the low-cutting-speed region [15, 16]. As 

described above, the frictional chatter and the process damping occur from the 

same mechanism, but they have been dealt separately and differently in the 

extensive of studies [12]. Hayasaka et al. [12] proposed a new consolidated 

model for realizing the analytical prediction of the critical stability by 

considering the frictional chatter and the process damping simultaneously. 

Among many types of chatter vibration, the regenerative vibration most 

commonly occurs in the cutting process [1]. Kaneko et al. [17] and Marui et al. 

[18-20] provided clear evidence that the regenerative effect is dominant when 

compared with other types of chatter by experimental investigations. For 

example, Marui et al. [18-20] compared the size of the vibratory locus for the 

frictional chatter and the regenerative chatter, and the results denoted that the 

regenerative locus is approximately ten times bigger than the frictional locus. 

Many studies have been carried out for predicting regenerative chatter stability 

to avoid it. Tlusty et al. [13] presented a stability limit, i.e., the maximum cutting 

load can avoid the regenerative chatter, can be calculated based upon the 

system dynamics for orthogonal cutting. After that, Meritt et al. [21] presented 

stability lobe diagram (SLD) which can predict the stability limit in terms of 

cutting parameters such as depth of cut and spindle speed. Since it allowed 

an improvement in machining efficiency without the regenerative chatter by 

selecting the appropriate process parameters, it was a critical contribution. 

Extensive studies have conducted to propose SLD not only for single degree 
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of freedom (SDoF) turning process but also 2DoF [22]/3DoF [23] turning 

process and milling process [24]. The information and knowledge acquired 

from those studies have been used in real-world applications [12]. 

 

1.1.1 Chatter suppression techniques 

In addition to the method of avoiding regenerative chatter based on SLD, 

chatter suppression techniques have become major concerns for achieving 

high productivity, high precision, and low production costs. By improving the 

design of the machine tool and cutting tools or by using additional devices that 

can disrupt regenerative effect, the chatter can be suppressed [3]. These 

additional devices are involving vibration absorbers [25] and friction dampers 

[26]. Xiao et al. [27] experimentally presented the chatter suppression effect 

by applying vibration cutting. Special milling tools such as variable pitch and/or 

helix angle tools shown in Fig. 1.2 have been developed for suppressing 

chatter. Since those tools have multiple time delays between the past and the 

present vibrations, they can disturb the regenerative effect [28-32]. In order to 

improve chatter stability, many studies have been conducted on the design 

method of those tools [30-33].  

 

 

Fig. 1.2. Special milling tool for suppressing regenerative chatter [2]. 

 

Budak et al. [34] demonstrated that parallel turning shown in Fig. 1.3 (a) 

can increase the stability limits compared to turning operations with a single 

tool because of the dynamical interaction between the tools. It is described 
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that the stabilizing effect is especially obtained then the natural frequencies of 

the turning tools are close to each other. Brecher et al. [35] presented that 

radial angle between the tools in parallel turning shown in Fig. 1.3. (b) changes 

the stability limits drastically. By appropriately changing the radial angle 

depends on the spindle speed, the chatter can be suppressed because the 

regeneration between consecutive tools can be disturbed. 

 

 

Fig. 1.3. (a) Parallel turning for chatter suppression (b) Influence of radial angle 

[35]. 

 

Meanwhile, when cutting the same workpiece by utilizing two or more 

milling tools, i.e., parallel milling process, occurs strong chatter problems [2] in 

case the phase shift between subsequent tooth passes makes unstable 

relation. Shamoto et al. [36] proposed the method to suppress the chatter in 

the parallel milling process by making speed difference in the two cutting tools 

to cancel out the regenerative effects (Fig. 1.4). The variable pitch/helix angle 

tools and parallel turning/milling process have the same principle of 

suppressing the chatter as diminishing the regenerative effect by making 

multiple time-delays in consecutive tooth passes. 
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Fig. 1.4. Mechanism for suppressing chatter in parallel milling process (a) Actual 

cutting (b) Cutting on right side is shifted [36]. 

 

It is well known that the chatter stability depends on tool geometry and 

cutting conditions. Shamoto et al. [37] presented a novel strategy to optimize 

tool path/posture, in which can avoid chatter and increase the chatter stability. 

Many strategies are studied to increase the process damping. First, the 

process damping can be increased by lowering the spindle speed. However, 

this strategy causes the reduction in productivity. Second, worn tools 

increases the process damping in clearance face. However, this strategy 

reveals the increase of the static cutting loads, tool breakage, and poor surface 

finish due to the worn tool. Third, special edge geometries are studied so that 

reproduce the performance of a worn tool but cancel the disadvantages of it. 

Tunc et al. [38] presented that the process damping effect can be increased 

by cylindrical clearance geometry compared to planar clearance geometry 

even at higher cutting speed. 

In recent years, the production of thin-walled products keeps increasing 

in order to reduce the weight of aircraft and automobiles. Because of the 
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flexibility in thin-walled products, the chatter more easily occurs compared to 

other products. However, it is essentially difficult to predict and suppress the 

chatter stability of thin-walled products because the workpiece dynamics vary 

with not only the material removal and the cutter location [2]. For increasing 

the stiffness throughout the cutting process, appropriate planning of the 

material removal sequence is important. Alan et al. [39] proposed strategy to 

maximize the stiffness during the thin-wall machining process. The waterfall 

machining technique which means the material removal sequence that 

ensures the stiffness of the thin wall to be high enough to withstand the cutting 

force and also to avoid chatter has been developed [40]. 

 

1.1.2 Spindle speed variation (SSV) and its limitations 

Another technique for suppressing the chatter vibration is spindle speed 

variation (SSV), where the spindle speed is varied cyclically around a nominal 

speed, i.e., average speed. This technique was proposed by some authors in 

the seventies [41-44], and still be attracting increasing attention because of its 

simplicity to implement and effectiveness in chatter suppression. Since this 

technique can be implemented only with the spindle system without any 

special tools or devices, it shows high compatibility with other techniques for 

suppressing chatter vibration [45]. It has been understood that the chatter 

suppression effect of SSV can be obtained from the time-varying rotational 

period but constant chatter frequency in every revolution so that the disruption 

of the regenerative effect occurs [41-44]. Figure. 1.5 shows the schematics for 

the specific explanation of conventional understanding with the chatter 

suppression effect of SSV. 𝑛 𝑡  [min-1], 𝑛 𝑡′  [min-1], 𝑓 𝑡  [Hz], and 𝑓 𝑡′  

[Hz] in Fig. 1.5 represents spindle speed in one revolution before, spindle 

speed in present revolution, chatter frequency in one revolution before, and 

chatter frequency in present revolution. Note that it is assumed that 𝑛 𝑡  is 

lower compared to 𝑛 𝑡′ . In conventional studies, it has been understood that 

the chatter frequency generated during cutting with SSV is constant, i.e., 

𝑓 𝑡 𝑓 𝑡′ . Based on the understanding, the number of left waves by 
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chatter vibration on the cut surface per unit angle 𝑓  [1/rad] varies, i.e., spatial 

wavelength of chatter vibration 1/𝑓  [rad] also varies. Therefore, the phase 

shift of the chatter vibration between the present and one revolution before 

changes, and it causes the disruption of the regenerative effect occurs. 

 

 

Fig. 1.5. Conventional understanding with chatter suppression effect of spindle 

speed variation. 

 

There are various types of methods to vary the spindle speed such as 

sinusoidal [46], triangular [47], rectangular [44], and random [48] SSV. Among 

them, the sinusoidal SSV is most studied because of its simplicity in control of 

spindle motor.  
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1.2  Motivation and objectives of thesis 

The chatter suppression effect by utilizing SSV has been verified in 

previous literatures [46-48] as shown in Fig. 1.6. For utilization of SSV in 

manufacturing sites, several companies have developed the optional function 

for SSV, e.g., Machining Navi L-g from OKUMA Corp., SSV function from 

HAAS Automation Inc., and ChatterPro from MAL Inc. However, the limitations 

of SSV have been reported from previous studies, and hence the wide 

application of SSV to actual manufacturing sites has not been realized yet. In 

this section, the main limitations of SSV are described, and the motivations 

and objectives of this thesis are presented based on the limitations. 

 

 

Fig. 1.6. Verified chatter suppression effect of spindle speed variation [46]. 

 

1.2.1 Motivations 

Nowadays, most research works have been focused on the determination 

of the optimal SSV parameters involving the amplitude and period of speed 

variation to increase the chatter stability [2, 45]. However, it is a complex 

problem. According to the review paper [2], only Al-Regib [46] proposed a 

simplified strategy to select the proper design the parameters in sinusoidal 

SSV. Most other studies used complex and time-consuming stability 

simulations to find optimal SSV parameters [2], and hence these design 

methods cannot be implemented in actual manufacturing sites. In addition, it 
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has been investigated that the chatter suppression effect by SSV is more 

promising in relatively low spindle speed regions [49, 50], and hence the critical 

improvement in machining efficiency cannot be achieved. Furthermore, the 

temporal growth of chatter occurs in cutting with SSV has been reported in 

every SSV cycle [46, 51, 52], and the reason for this temporal instability has 

not been clarified. Sexton et al. [53] stated that the stability improvement by 

SSV often becomes modest compared to the predicted stability in the 

simulation. For these reasons, despite that it is well known that SSV can 

suppress the chatter vibration, this technique has not been sufficiently utilized 

yet in actual manufacturing sites. In order to realize its wide applications, not 

only the simple and logical methodology to determine the SSV parameters but 

also a general index to evaluate the stability of SSV are necessary. Moreover, 

an effective countermeasure to eliminate the temporal chatter growth 

throughout cutting with SSV should be prepared. This thesis focuses on those 

objectives.  

 

1.2.2 Research objectives 

To realize the high-efficiency cutting with SSV and to widely apply this 

technique to actual manufacturing sites by improving the limitations mentioned 

earlier, the author carried out researches as follows: 

 

1. Clarification of chatter growth characteristics in SSV and proposal of novel 

chatter stability indices of SSV 

The temporal growth of chatter occurs even if SSV is applied, and it 

results in uneven roughness of the cut surface, which degrades the quality of 

the product. However, there are no clear understandings of the temporal 

instability of SSV. Furthermore, since the stability of SSV varies greatly 

depending on the SSV parameters, it is quite a complicated problem to 

determine the parameters properly. These limitations are the main reason for 

the limited industrial application of SSV. 
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Therefore, not only a clear understanding of the chatter growth 

characteristics in SSV but also a simple and logical methodology to determine 

the appropriate SSV parameters for greater chatter suppression and 

improvement of the machining efficiency are necessary. The characteristics of 

the chatter growth in SSV are clarified and the chatter stability indices are 

newly proposed, and their validities are verified through both analytical and 

experimental investigations. The strategies for setting appropriate SSV 

parameters are also described by utilizing the proposed stability indices. 

 

2. Proposal of novel spindle speed variation profile for improvement of chatter 

stability 

Based on the clarified chatter growth characteristics and the proposed 

chatter stability indices, it is confirmed that the chatter suppression effect 

fluctuates in conventionally utilized SSV profiles, and hence the suppressing 

the chatter vibration in all sections of SSV is difficult. Especially, the stability 

decreases in a high-speed region, and thus remarkable improvement of 

machining efficiency cannot be realized.  

A novel SSV profile is proposed to overcome the limitation of the 

conventional SSV profiles. In order to verify the effectiveness of the proposed 

profile, the stabilities of conventional SSV profiles and the proposed SSV 

profile are compared through the time-domain simulations and cutting 

experiments. A higher stability and applicability of the proposed SSV profile is 

verified from the results. By investigating the influence of the proposed SSV 

parameters on the stability, an appropriate strategy for setting the parameters 

to achieve higher stability is discussed. 

 

3. Proposal of ‘accelerative cutting’ for improvement of chatter stability in 

short-duration cutting.  

A novel speed variation method, namely ‘accelerative cutting’, is 

proposed for realizing the improvement of the chatter stability in short-duration 

cutting such as finishing of sealing, seating, and bearing surfaces. Due to the 
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large cutting width, the chatter vibration often occurs despite of the short 

cutting time in these cutting processes. Since the spindle speed is accelerated 

unidirectionally in ‘accelerative cutting’, there is no transient section, where 

changes from acceleration to deceleration or vice versa. Therefore, a sufficient 

speed difference can be obtained throughout the cutting. Because the 

maximum spindle speed is limited, the cutting method can be utilized in short 

-duration cutting. 

Higher chatter stability in ‘accelerative cutting’ compared to the SSV 

profiles are verified through analytical and experimental investigations. 

 

1.3  Real-World Data Circulation in thesis 

Real-World Data Circulation (RWDC) is a new academic field established 

by Graduate Program for Real-World Data Circulation Leaders, Program for 

Leading Graduate Schools of Nagoya University. RWDC means the 

procedures of data acquisition, analysis, and implementation to the real-world. 

Creating new values through the interactive integration of the three procedures 

is the essential objective of RWDC. Extensive data in the real-world exists, 

and there are many data acquisition methods through observation and/or 

measurement utilizing sensors. Those acquired data is analyzed based on the 

appropriate methodology in order for identifying the mechanism of certain 

phenomena or effectively applying them to real-world. Consequently, it can be 

realized that not only a clear understanding of the real-world problem but also 

the creation of the new values from the new approach with a perspective of 

RWDC. In recent years, the combination of informatics involving the 

procedures of RWDC and other fields of research are getting increased such 

as material informatics, medical informatics, and Industry 4.0. Research that 

relied solely on the experiments required a long time to obtain results because 

numerous experiments should be conducted to reveal certain phenomena. In 

addition, when there are many parameters affecting a certain phenomenon, 

the research method that relies on experiments is even more inefficient to 

clarify all the relations between the parameters and that phenomenon. The 
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utilization of RWDC in those research fields is an effective way to solve the 

problem. 

The author’s main concern is how RWDC will be adopted for improving 

the circumstance of the manufacturing industry, especially related to the 

cutting process. The chatter suppression techniques, which are the main topic 

of the thesis, can be a good example of RWDC. As described in the 

background of this thesis, the chatter vibration is one of the biggest problems, 

i.e., real-world problems, at the manufacturing sites because it causes the poor 

cut surface and loss of productivity. For resolving the problem, the real-world 

data related to the cutting process such as the vibration acceleration, cutting 

forces, and profiles of the cut surface are acquired through the experiments as 

a first step. Then, they are analyzed to classify the types of chatter vibration 

based on the established mechanisms of chatter vibrations because the 

countermeasures for each type of chatter are different. Based on the classified 

chatter type and the corresponding cutting process, an appropriate solution is 

proposed, and the validity of the solution is investigated through various 

simulations. Finally, the proposed solution is directly applied to the machine 

tool, and then data acquisition and analysis are carried out again to evaluate 

the effectiveness of the technology. As a result, effective solutions can be 

implemented in the actual manufacturing sites. 

Recently, the integrations between information technologies, e.g., big 

data, information analytics, Internet of Things (IoT), and monitoring 

technologies, and manufacturing technologies are encouraging the advent of 

the smart factory of Industry 4.0 [54]. Wang et al. [54] stated that the smart 

factory of Industry 4.0 is achievable by extensively applying the existing enable 

technologies while actively coping with the technical challenges. Shrouf et al. 

[55] described that it is expected the high flexibility in production volume and 

customization, extensive integration between customers, companies, and 

suppliers, and above all sustainability in the new era of industrial production. 

From those recent advances in the manufacturing industry have paved the 

way for a systematical deployment of Cyber-Physical Systems (CPS) [56]. 
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CPS has been defined as transformative technologies for managing the 

interconnection between the physical systems and cyber systems [57]. For 

instance, the cutting process in the manufacturing sites is a real-world physical 

system and the monitoring techniques or chatter detection techniques are the 

representative examples of the cyber system. Data acquisition from the 

physical system is analyzed in the cyber system, and it gives a feedback to 

physical system through the data implementation. By iterating these 

procedures, the physical system can take proper action according to a certain 

purpose. With recent advances in the availability and affordability of sensors, 

data acquisition systems, and computer networks, the manufacturing fields 

move toward implementing high-tech applications [56]. The ever-growing 

usage of sensors and networked machines has resulted in the continuous 

generation of high-volume data, i.e., Big data. In such an environment, in order 

to implement CPS in the manufacturing fields and utilize it for practically 

improving productivity, it is essential to develop more efficient and resilient big 

data management techniques, inexpensive real-time data acquisition methods, 

and appropriate data analysis strategies. Lee et al. [56] proposed 5-level CPS 

structure, namely the 5C architecture, providing a step-by-step guideline for 

developing and deploying a CPS for manufacturing applications. Figure. 1. 7 

shows the flow of 5-level CPS enabled factory with machine tools in 

manufacturing fields [56]. It is described sequential workflow manner, how to 

construct a CPS from the initial data acquisition to analytics, to the final vale 

creation. On the other hand, in order to maximize productivity through CPS, 

proper analysis using acquired data is essential, and hence the 

comprehensive knowledge and understanding of the cutting process are 

required. In other words, it is predicted that the demand for collaboration 

between researchers in the field of manufacturing and in the field of informatics, 

or for researchers with both bits of knowledges, will increase. 

 



Chapter 1. Introduction                                          

 15

Fig. 1.7. Flow of 5-level CPS enabled factory with machine tools in manufacturing 
sites [56]. 

 

The author, as a researcher of Graduate Program for Real-World Data 

Circulation Leaders, Program for Leading Graduate Schools of Nagoya 

University, tried to study how RWDC can contribute to the realization of CPS 

in the cutting process, especially in the chatter suppression issues. For 

instance, the acquired acceleration vibration data during the chatter in SSV 

was analyzed to clarify the chatter growth characteristics of SSV and to 

propose the simple indices to evaluate the chatter stability (Chapter 2). 

Moreover, for the improvement of machining efficiency in both long-duration 

and short-duration cutting process, the novel SSV profiles (Chapter 3) and 

‘accelerative cutting’ (Chapter 4) were developed and verified its effectiveness 

by utilizing the time-domain simulators, i.e., cyber system of CPS, in advance 

of the actual cutting experiments. The validation of the proposed technologies 

using a simulator has the advantage of being able to investigate under 

unrestricted conditions and of reducing wastage of expensive workpieces in 

the cutting experiments. The developed technologies were implemented to the 

machine tool, i.e., physical system of CPS, and the effectiveness of the 
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technologies were evaluated by analyzing again the acquired data from the 

machine tool. A more specific and concrete conception for RWDC in the thesis 

is described in Chapter 5. The novelty and contributions of the author’s 

research in the thesis with regard to RWDC are also described. 

 

1.4  Construction of thesis 

The present thesis consists of six chapters. 

Chapter 1 describes the background of the various types of chatter 

vibrations and the introduction of chatter suppression techniques. Then, a brief 

overview of the researches related to spindle speed variation (SSV), which 

one of the chatter suppression methods are presented, and the remained 

challenges in SSV are described. The motivation and objectives of the thesis 

are also described based on the limitations of SSV which are revealed from 

the past researches. In order to realize the robust chatter suppression effect 

of SSV so that achieve high-efficiency cutting and wide application to the 

production site, several objectives of the thesis are set and briefly described. 

Moreover, Real-World Data Circulation (RWDC) in the manufacturing field, 

which is the state-of-art academic field for realizing Industry 4.0 is introduced.  

Chapter 2 presents the chatter growth characteristics in SSV and newly 

explains the suppression effect of SSV. Based on these, the novel chatter 

stability indices are proposed to evaluate the chatter stability in SSV. By 

utilizing the proposed chatter stability indices, the influences of SSV 

parameters on the stability are clarified. The validity of the proposed chatter 

growth characteristics and suppression effects of SSV as well as the stability 

indices are verified through the analytical investigations and cutting 

experiments.  

Chapter 3 describes a proposed a new SSV profile to overcome the 

limitation of the chatter stability improvement in conventional SSV. The 

concept and formulation of new SSV profile are described. The relations 

between the chatter stability and the proposed stability indices in conventional 
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SSV profiles and in proposed SSV profile are compared. The influences of the 

parameters of proposed SSV profile on the chatter stability are revealed. In 

order to verify the effectiveness of the proposed SSV profile considering its 

applicability to the actual industry, the machining efficiency against the thermal 

load of the spindle motor in the proposed SSV profile is compared with the 

conventional SSV profiles. Through these investigations, it is verified that the 

proposed SSV profile is an effective solution to overcome the limitation of 

conventional SSV and it can realize higher applicability to the industry. 

Chapter 4 describes a new speed variation method proposed to improve 

the chatter stability in short-duration cutting process. The concept of the new 

method is explained based on the limitation of all SSV profiles due to their 

nature. The effectiveness of the new method is verified through both 

analytically and experimentally.  

Chapter 5, the contributions of the present thesis to the Real-World Data 

Circulation (RWDC) are summarized. In the present thesis, various kinds of 

data acquisition are conducted to utilize not only in analytical investigations but 

also analysis of experimental results. Through the analysis of data, the 

proposals of the new techniques can be realized, and they allow to improve 

the chatter stability and high-efficiency cutting. By applying the proposed 

techniques to machine tool and verifying their effectiveness, the 

implementation of new techniques to actual manufacturing sites becomes 

realized in near future. These series of procedures are reinterpreted in terms 

of RWDC, i.e. what kind of data are acquired, how and what kind of analysis 

are done, and how the results are implemented to improve the chatter stability 

and machining efficiency, are summarized. The specific and concrete 

examples of RWDC in the present thesis are described, and the imagined 

future works of researches in this thesis are introduced related to RWDC. 

Conclusions of the thesis will follow in Chapter 6. 

The structure of the thesis is summarized in Fig. 1.8. 
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Fig. 1.8. Structure of thesis. 
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Chapter 2  

Proposal of Novel Chatter Stability Indices of 

Spindle Speed Variation  

 

2.1  Introduction 

During the machining processes, the instability from the interaction 

between the metal cutting process and response of machine tool structure 

results in chatter. The chatter causes poor surface finish, excessive tool wear, 

and damage of the machine tool. The chatter usually occurs in conditions 

above a certain limit of cutting width or structural flexibility. In general, it can 

be avoided by lowering the cutting conditions, e.g., cutting width, but it leads 

to low machining efficiency. Extensive studies have been performed in order 

to clarify the mechanism of chatter, and it has been revealed that the self-

excited vibration caused by the regenerative effect, i.e., regenerative chatter, 

is the most dominant machine tool chatter phenomenon [8]. The regenerative 

effect is caused by the previous vibration which is left on the workpiece as a 

wavy surface. The regenerative chatter grows up with a certain phase shift 

between the present and previous vibrations which causes dynamic chip load.  

To suppress the regenerative chatter and to increase the stability and 

machining efficiency, various studies have been carried out, e.g., the selection 

of stable cutting conditions such as spindle speed and depth of cut [9], the 

optimization of tool path/posture [37], the usage of specially designed milling 

tools with variable pitch/helix angles [58, 59], and the optimization and the 

design methodology of those special tools [33, 60]. As another effective 

method for the suppression of the regenerative chatter without sacrificing the 

machining efficiency, the spindle speed variation (SSV) has been studied, 

where the speed is varied around the nominal spindle speed. Takemura et al. 

[61] analyzed its stability in the turning process by means of energy balance 



Chapter2. Proposal of Novel Chatter Stability Indices of Spindle Speed Variation                

 20

and validated it through experiments. After that, numerous types of analytical 

methods have been proposed such as the angle domain method [62], the 

semidiscretization method [63], the method using the SSV frequency 

harmonics of chatter vibration [64], etc.  

Several profiles have been proposed to vary the spindle speed such as 

sinusoidal, triangular, rectangular, and random profiles. It is well known that 

the sinusoidal spindle speed variation (SSSV) can be easily applied by the 

spindle speed control system with low load compared to the other profiles, 

hence it is the most popular technique [65]. The triangular spindle speed 

variation (TSSV) has also been developed to suppress the regenerative 

chatter (e.g., OKUMA Corp. Machining Navi L-g), and it is usefully utilized in 

production sites.  

Meanwhile, since the stability of SSV varies greatly depending on the 

SSV parameters, i.e., variation amplitude, variation period, and nominal 

spindle speed, it is quite a complicated problem to determine the parameters 

properly [46, 51]. For example, in the case of the same variation amplitude, 

SSV yields higher stability at lower nominal speed [46, 51]. Furthermore, the 

temporal growth of chatter occurs even if SSV is applied [46, 51, 52]. For this 

problem, despite the fact that SSV is an effective technique, the industrial 

application has been limited because there is no simple and logical 

methodology to determine the parameters properly for the suppression of 

chatter and the improvement of the machining efficiency. Therefore, there is a 

need for a general index to evaluate the stability of SSV. 

In this research, characteristics of the chatter growth in SSV are clarified 

and the chatter stability indices are newly proposed based on them. Time-

domain simulations and cutting experiments are carried out, and the validity of 

the proposed indices and the effect of the SSV parameters on the stability are 

discussed.  

 

2.2  Characteristics of chatter growth in SSV  
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2.2.1 Dynamic model of orthogonal cutting process 

A dynamic model of a pipe-end plunging process, which can be 

considered as a semi-orthogonal cutting process, is shown in Fig. 2.1. It is 

assumed that the tool shank is flexible in the cutting (𝑦) and feed (𝑧) directions. 

In this process, the vibration in the z direction causes the fluctuation of the 

principal (𝑦) and thrust (𝑧) cutting forces.  

Not only the present vibration but also the previous vibration left on the 

cut surface affect the present cutting; the latter one is called the regenerative 

effect. Those vibrations cause the uncut chip thickness fluctuation, and it 

results in the dynamic cutting force. Since the cutting force is proportional to 

the instantaneous uncut chip thickness ℎ 𝑡  [m], which can be expressed as 

Eq. (2.1), the dynamic cutting forces in the principal direction 𝑓  [N] and the 

thrust direction 𝑓  [N] can be formulated as Eq. (2.2). Note that the formulation 

is in the Laplace domain after Eq. (2.1). 

ℎ 𝑡 ℎ 𝜇𝑧 𝑡 𝜏 𝑧 𝑡  (2.1)

𝑓
𝑓

𝑎 𝑒 1
0 𝐾
0 𝐾

𝑦
𝑧  (2.2)

Here, ℎ  [m] is the static depth of cut, i.e., feed rate of the cutting tool, 

𝜇 is the overlapping factor (𝜇 1 in pipe-end plunging), 𝜏 [s] is the spindle 

period, 𝑎 [m] is the cutting width, 𝐾  [Pa] and 𝐾  [Pa] are the specific cutting 

forces in the principal and thrust directions, respectively, and 𝑦 [m] and 𝑧 [m] 

are the dynamic displacements in the principal and thrust directions, 

respectively. Note that the static depth of cut ℎ  has no effect on the dynamic 

cutting forces, hence it does not exist in Eq. (2.2). 

The dynamic cutting forces excite the tool shank, and they cause the 

vibration displacements through the dynamic compliances as follows.  

𝑦
𝑧

𝐺 𝐺
𝐺 𝐺

𝑓
𝑓

 (2.3)

Here, 𝐺  [m/N] and 𝐺  [m/N] are the direct dynamic compliances in 

the principal and thrust directions, respectively, and 𝐺 [m/N] and 𝐺  [m/N] 

are the cross dynamic compliances between the principal and thrust directions. 
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Since the vibration in the principal 𝑦   direction does not cause the 

dynamic uncut chip thickness, the closed-loop system with the cutting process 

and the equivalent dynamic compliance [66] can be represented as the block 

diagram shown in Fig. 2.2. Combining Eqs. (2.2) and (2.3), the following 

equation can be derived under critical stability at the angular chatter frequency 

𝜔  [rad/s]. 

𝑧 𝑖𝜔 𝑎 𝐾 𝑒 1 𝐺 𝑖𝜔 𝑧 𝑖𝜔 . (2.4)

Here, 𝐺  [m/N] is the equivalent dynamic compliance, i.e., 𝐺 𝐺

𝐾 /𝐾 𝐺 , where 𝐾 /𝐾  is the cutting force ratio. The stability limit analysis 

is performed by solving Eq. (2.4), i.e., the critical cutting width or stability limit 

𝑎  [m] and the corresponding spindle period 𝜏 [s] are calculated. As a result, 

𝑎  is given as follows [67]. 

𝑎
1

2𝐾 Λre
 (2.5)

Here, 𝛬  is the real part of the equivalent dynamic compliance. 

 

 

Fig. 2.1. Dynamic model of pipe-end plunging process. 
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Fig. 2.2. Block diagram of pipe-end plunging process with regenerative effect. 

 

2.2.2 Chatter growth/suppression in SSV 

Due to the nature of the cutting process, the chatter is transferred to the 

workpiece as a wavy surface. After one revolution, the difference between the 

wavy surface and the present vibratory locus of the cutting edge causes the 

cutting force fluctuation. The regenerative chatter leaves a number of waves 

on the cut surface per unit angle, i.e., spatial chatter frequency 𝑓  [1/rad]. It 

can be expressed as Eq. (2.6), and its schematic illustration is shown in Fig. 

2.3. Note that to visually imagine the concept, the figure is drawn as a plunge-

turning process where the vibration waves can be seen easily, but it is the 

same in other cutting processes. 

𝑓
60𝑓 𝑡
2𝜋𝑛 𝑡

30𝑓 𝑡
𝜋𝑛 𝑡

 (2.6)

Here, 𝑛 𝑡   [min-1] and 𝑓 𝑡   [Hz] are the spindle speed and the chatter 

frequency on the time 𝑡, respectively. From Eq. (2.6), the chatter frequency 

𝑓 𝑡  can be described as follows. 

𝑓 𝑡
2𝜋𝑛 𝑡 𝑓

60
 (2.7)

In the case of CSS, 𝑓 𝑡   is constant since 𝑛 𝑡   is constant during the 

machining. Even when SSV is applied, the regenerative chatter can grow with 

a considerably flexible structure. It is found in this study that the regenerative 
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chatter generally grows at a constant spatial frequency in SSV (the first chatter 

growth characteristic), i.e., the time chatter frequency changes with varying 

spindle speed, unlike the assumption of constant time chatter frequency in 

previous studies [46-47, 51, 61-64]. The varied time chatter frequency can be 

expressed as follows. 

𝑓 𝑡
𝑛 𝑡

𝑛 𝑡 𝜏 𝑡
𝑓 𝑡 𝜏 𝑡  (2.8)

Here, 𝜏 𝑡   [s] is the spindle period which varies depending on the spindle 

speed profile, 𝑛 𝑡 𝜏 𝑡   and 𝑓 𝑡 𝜏 𝑡   are the spindle speed and the 

chatter frequency at one revolution before, respectively. 

 

 

Fig. 2.3. Schematic illustration of plunge-turning process with regenerative chatter. 

 

From Eq. (2.8), it can be noted that the time chatter frequency changes 

proportionally to the rate of spindle speeds in two consecutive revolutions at 

the same angular position, i.e., acceleration rate 𝑟   [%], and it can be 
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expressed as follows [52].  

𝑟 𝑡
𝑛 𝑡

𝑛 𝑡 𝜏 𝑡
1 100 (2.9)

Figure 2.4 shows the effect of spindle speed variation for the chatter 

suppression. The chatter vibration tends to occur near the resonance, where 

the magnitude of the dynamic compliance of the vibratory structure is large. As 

described above, the initial chatter frequency changes in SSV, and it generally 

causes a reduction of the magnitude of the dynamic compliance as shown in 

Fig 2.4. Note that larger the change of chatter frequency, i.e., larger 𝑟 , the 

larger the reduction of magnitude of dynamic compliance, and the cutting 

becomes more stable [52]. The change of the magnitude of the dynamic 

compliance of the vibratory structure 𝐺 𝑖𝜔 𝑡  [m/N] and the amplitude of 

the present vibration 𝑧 𝑡  [m] can be expressed for intuitive understanding as 

follows. 

𝐺 𝑖𝜔 𝑡 𝐺 𝑖 1
𝑟 𝑡
100

𝜔 𝑡 τ 𝑡  (2.10)

𝑧 𝑡 𝐺 𝑖𝜔 𝑡 𝑓 𝑡 𝐺 𝑖 1
𝑟 𝑡
100

𝜔 𝑡 τ 𝑡 𝑓 𝑡  (2.11)

It can be estimated that the chatter is likely to grow if there is a period where 

|𝑟 | is small in SSV (the second chatter growth characteristic). The relation of 

|𝑟 | and the chatter stability is investigated in Section. 2.3. 
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Fig. 2.4. Change of magnitude of dynamic compliance from SSV. 

 

Next, in case of considering plural revolutions, e.g., more than two 

revolutions, the chatter frequency after 𝑚 -revolutions at a certain angular 

position 𝑓  [Hz] can be expressed as Eq. (2.12). 

𝑓
𝑛

𝑛
𝑛
𝑛

⋯
𝑛
𝑛

𝑓
𝑛
𝑛

𝑓  (2.12)

Here, 𝑛  [min-1] and 𝑓  [Hz] are the initial spindle speed and the initial chatter 

frequency, respectively. As the ratio of 𝑛   to 𝑛   increases, the change of 

chatter frequency becomes larger and it results in larger dynamic compliance 

reduction, and the system becomes more stable. However, it should be noted 

that chatter can grow when the reduction of the dynamic compliance in each 

revolution is insufficient to suppress chatter. Also, the peakiness of the 

dynamic compliance, which increases with a decrease of the damping 

coefficient, as well as the cross dynamic compliance, also affect the change 

rate of the magnitude of the dynamic compliance, hence it can affect the 

degree of the chatter suppression.  

 

2.3  Analytical investigation of chatter stability in SSV 
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2.3.1 Time-domain simulation model 

To verify the validity of the revealed chatter growth characteristics in 

SSV and to investigate the relation between the acceleration rate 𝑟  and the 

stability in TSSV and SSSV, time-domain simulations are carried out. A single 

degree of freedom (SDOF) vibratory system with orthogonal cutting shown in 

Fig. 2.1 is assumed. Here, the cutting tool is flexible and the regeneration 

occurs in the thrust direction 𝑧 . The uncut chip thickness ℎ 𝑡  [mm] and the 

cutting force in the thrust direction 𝑓 𝑡  [N] fluctuates when chatter occurs, 

and each of them can be expressed as follows. 

ℎ 𝑡 ℎ 𝜇𝑧 𝑡 𝜏 𝑡 𝑧 𝑡   (2.13)

𝑓 𝑡 𝐾 𝑎ℎ 𝑡   (2.14)

The response of the cutting tool to the cutting force in the SDOF system 

can be described as follows. 

𝑚𝑧 𝑡 𝑐𝑧 𝑡 𝑘𝑧 𝑡 𝐾 𝑎 ℎ 𝜇𝑧 𝑡 𝜏 𝑡 𝑧 𝑡  (2.15)

Here, 𝑚 [kg] is the modal mass, 𝑐 [N/(m∙s)] is the modal damping coefficient, 

𝑘 [N/m] is the modal stiffness, and 𝜇 1 in pipe-end plunging. Note that in the 

case of cutting with SSV, the spindle period 𝜏 𝑡  varies with time due to the 

time-varying spindle speed 𝑛 𝑡  [min-1], and it can be searched to satisfy the 

following equation. 

𝑛 𝑡
60

𝑑𝑡 1  (2.16)

In the time-domain simulation, 𝑧 𝑡  is calculated by solving Eq. (2.15) 

directly, and the solution is approximated by the 4th order Runge-Kutta method. 

Here, the accumulated rotation angle 𝜃 𝑡  [rad], which can be expressed as 

Eq. (2.17), 𝑧 𝑡   and 𝑛 𝑡   are memorized at each calculation step, i.e., 

resolution of time-domain simulation, and they are utilized when searching the 

previous displacement 𝑧 𝜃 𝑡 2𝜋   and the previous spindle speed 

𝑛 𝜃 𝑡 2𝜋 . 

𝜃 𝑡 2𝜋
𝑛 𝑡
60

𝑑𝑡  (2.17)

The tool jumping out of the workpiece, i.e., ℎ 𝑡 0, due to the vibration 
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is considered in the simulation. At the beginning of simulation, the cutting starts 

with gradually increasing static depth of cut.  

 

2.3.2 Formulation of SSV profiles and introduction of stability indices 

Since the triangular and the sinusoidal spindle speed variation, i.e., 

TSSV and SSSV, profiles are considered in most literatures [46-47, 51, 62-65], 

they are investigated in the current study. The schematics for the explanation 

of the spindle speed and acceleration rate profiles in TSSV and SSSV are 

shown in Fig. 2.5 (a) and Fig. 2.5 (b), respectively. Here, 𝑛   [min-1] is the 

nominal spindle speed, 𝑇  [s] is the variation period, and 𝑛   [min-1] is the 

variation amplitude, respectively. The variation function of TSSV 𝑛 𝑡  [min-

1] can be described as follows.  

𝑛 𝑡
𝑛 𝑛

4𝑛
𝑇

mod 𝑡, 𝑇   if 0 mod 𝑡, 𝑇 𝑇 2⁄

𝑛 3𝑛
4𝑛

𝑇
mod 𝑡, 𝑇 if 𝑇 2⁄ mod 𝑡, 𝑇 𝑇

 (2.18)

Here, mod 𝑡, 𝑇  denotes the modulo function. 

The variation function of SSSV 𝑛 𝑡   [min-1] can be described as 

follows.  

𝑛 𝑡 𝑛 𝑛 sin
2𝜋
𝑇

𝑡
𝜋
2

 (2.19)

As observed in Fig 2.5, the acceleration rate 𝑟  always fluctuates with 

the speed variation. The 𝑟  has a positive value in the acceleration section 

and has a negative value in the deceleration section. At the sections where the 

acceleration direction is switched, i.e., switching from acceleration to 

deceleration or from deceleration to acceleration, the speed difference in two 

consecutive revolutions is nearly zero, and the value of 𝑟  is close to zero. 

Since the length of these sections should be one revolution, i.e., 2𝜋 rad, the 

time lengths 𝑡 , 𝑡  should satisfy the following equations. 

𝑛 𝑡
60

𝑑𝑡 1 (2.20)
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𝑛 𝑡
60

𝑑𝑡 1 (2.21)

Since 𝑟  fluctuates in SSV, the average of absolute acceleration rate in 

one period of SSV |𝑟 | [%] is utilized as the stability index for evaluating the 

stability in SSV, and it can be expressed as follows. 

|𝑟 |
1
𝑇

|𝑟 𝑡 | 𝑑𝑡
100

𝑇
𝑛 𝑡

𝑛 𝑡 𝜏 𝑡
1 𝑑𝑡 (2.22)

Meanwhile, when considering the plural revolutions in a unidirectional 

acceleration section, the more revolutions show the larger change of the 

dynamic compliance since the chatter frequency also changes largely in one 

way, i.e., increase or decrease, as shown in Eq. (2.12). From this observation, 

the number of revolutions in a unidirectional acceleration section 𝑁 is utilized 

as the second stability index for evaluating the stability in SSV, and it can be 

calculated from SSV parameters as follows. 

𝑁
𝑛
60

𝑇
2

𝑛 𝑇
120

 (2.23)

  

 

Fig. 2.5. Profiles of spindle speed and acceleration rate in (a) TSSV and (b) SSSV. 

 

2.3.3 Simulation conditions and profile examples 

The utilized parameters in the time-domain simulation are shown in 

Table 2.1. To investigate the validity of the proposed stability indices, i.e., |𝑟 | 

and 𝑁, the SSV parameters are determined so that TSSV and SSSV have the 
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same stability indices. Note that the variation amplitude ratio 𝑅𝑉𝐴, which is 

defined as the ratio of the speed variation amplitude to the nominal spindle 

speed 𝑛 /𝑛 ,  should be set lower than 1 so that the spindle speed is always 

higher than 0. Thus, the range of 𝑅𝑉𝐴 is set from 0.05 to 0.80. The cutting 

width is gradually increased with increments of 0.1 mm, and the stability limit 

is found. In this simulation, the growing vibration in each period of SSV is 

considered as chatter. 

 

Table 2.1. Parameters used in time-domain simulation. 

Workpiece properties   
Diameter 𝐷 [mm] 70 
Specific cutting force in principal direction 𝐾  [MPa] 1284 

Specific cutting force in thrust direction 𝐾  [MPa] 711 
Modal parameters   
Mass 𝑚 [kg] 0.2266 
Damping coefficient 𝑐 [N/(m∙s)] 44.19 
Stiffness 𝑘 [N/m] 1.118 107 

SSV parameters   
Nominal spindle speed 𝑛  [min-1] 600 - 7200 
Variation period 𝑇 [s] 0.5, 1.0, 2,0 
Variation amplitude ratio 𝑅𝑉𝐴  0.05 - 0.80 
Cutting conditions   
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Increment of cutting width [mm] 0.1 

 

Figures 2.6(a) and 2.6(b) show examples of unstable results in TSSV 

and SSSV, respectively. In both profiles, the growth of chatter is observed in 

the transitions from the acceleration to the deceleration. On the other hand, 

the chatter does not grow in the transitions from the deceleration to 

acceleration. This can be explained as follows: the acceleration rate in the 

lower speed is larger than that in the higher speed, and hence the chatter 

suppression effect is greater in the lower speed. As a result, there is a chatter 

growth characteristic that it grows in the transitions from the acceleration to the 

deceleration where the acceleration rate |𝑟 | is small. 

The change of the chatter frequency can be observed in the short-time 
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Fourier transform result of vibration displacement in each graph, i.e., as the 

spindle speed decreases, the chatter frequency decreases in a similar way. In 

order to clarify the chatter growth characteristics quantitatively, the spatial 

frequency 𝑓  during chatter is investigated. Comparisons of the points A, B 

and C, D in Figure 2.6 are carried out. The spindle speeds at points of A, B 

and C, D are 1120 min-1, 1070 min-1 and 1155 min-1, 1110 min-1, respectively. 

The chatter frequencies at points of A, B and C, D are 1195 Hz, 1145 Hz and 

1170 Hz, 1115 Hz, respectively. Finally, the spatial frequencies at points A, B 

and C, D are calculated by utilizing the Eq. (2.6), and their values are 10.19, 

10.22 and 9.67, 9.59, respectively. From the results, it can be confirmed that 

the spatial frequencies at the points A,   B and C, D are nearly the same. 

Therefore, it can be concluded that the chatter frequency generally changes in 

proportion to the spindle speed, i.e., the chatter grows up at a constant spatial 

frequency in SSV. 

 

 

Fig. 2.6. Profile examples of spindle speed and acceleration rate, and 

corresponding vibration displacement and its short-time Fourier transform result of 

unstable condition at cutting width=2.9 mm, 𝑛 =1000 min-1, 𝑇=1.0 sec, and 

𝑅𝑉𝐴=0.2 in (a) TSSV and (b) SSSV. 

 

2.3.4 Simulation results and discussions 
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The relations between the stability limit and the proposed stability 

indices, i.e., |𝑟 | and 𝑁, in TSSV and SSSV are investigated by utilizing the 

time-domain simulation model. Figure 2.7 shows the simulation results under 

various conditions: (a) TSSV, 𝑇 =0.5 sec (b) SSSV, 𝑇 =0.5 sec, (c) TSSV, 

𝑇=1.0 sec, (d) SSSV, 𝑇=1.0 sec, (e) TSSV, 𝑇=2.0 sec and (f) SSSV, 𝑇=2.0 

sec. Since each graph represents the results obtained at a constant 𝑇, 𝑛  

takes the proportional value with 𝑁 from Eq. (2.23). The dotted lines indicate 

the contours where 𝑅𝑉𝐴 is 0.2, 0.4, 0.6, and 0.8, respectively. Note that even 

if 𝑇 and 𝑅𝑉𝐴 are equal, the value of |𝑟 | decreases with an increase of 𝑛  

or 𝑁. Finally, the magnitude of the stability limit is represented by gray scale. 

Figures 2.8(a) and 2.8(b) show the profile examples of spindle speed and 

acceleration rate which correspond to A to F marked on Figs. 2.7(c) and 2.7(d), 

respectively. The solid (A/D), dashed (B/E), and dotted (C/F) lines represent 

the profiles under the conditions of 𝑇=1.0 sec, |𝑟 |=10 %, and 𝑁=5, 15, 25, 

respectively, in TSSV/SSSV. The spindle speed profiles show that the nominal 

spindle speed increases and 𝑅𝑉𝐴 also increases with an increase of 𝑁. The 

former tendency can be confirmed in Eq. (2.23), and the latter one is needed 

to keep |𝑟 | constant. From Figs. 2.7 and 2.8, the following five remarks are 

found. 

First, it can be confirmed from Fig. 2.7 that when 𝑁 is equal, the stability 

limit increases with an increase of |𝑟 | regardless of 𝑇 and the type of SSV. 

Hence, |𝑟 | is an effective index for evaluating the stability of SSV.  

Second, when |𝑟 | is equal, the stability is the largest at a certain 𝑁, 

e.g., 20 in the case of |𝑟 | 10 in Fig. 2.7(a). The reasons for this can be 

considered as follows. With an increase of 𝑁, the chatter frequency changes 

largely as expressed in Eq. (2.12), and thus the stability increases because 

the dynamic compliance is greatly reduced. On the other hand, it can be 

observed from the profiles of 𝑟   in Fig. 2.8 that with an increase of 𝑁  the 

fluctuation amplitude of 𝑟   becomes large. Consequently, |𝑟 |  becomes 

smaller and that section becomes longer near the transitions from acceleration 
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to deceleration. Therefore, a sufficient compliance reduction cannot be 

obtained in that section, and hence stabilization cannot be achieved at 

excessively large 𝑁. From these reasons, an optimal value of 𝑁 exists.  

Third, in the case where the values of |𝑟 | and 𝑁 are equal in the same 

type of SSV, the stability limits are almost identical among different 𝑇’s (Figs. 

2.7(a)-(c) or 2.7(d)-(f)). Therefore, the stability limit can be estimated in each 

type of SSV by utilizing the two proposed stability indices regardless of the 

combination of SSV parameters.  

Fourth, comparing the results in TSSV and SSSV, it can be confirmed 

that the stability limit in SSSV is always smaller than TSSV when |𝑟 | and 𝑁 

are equal. The reason for this is considered as follows. The shape of 𝑟  profile 

is different and |𝑟 | becomes smaller in SSSV than in TSSV near the transition 

from acceleration to deceleration as shown in Fig. 2.8. This can be observed 

more clearly in Fig. 2.5. Because of this period of smaller |𝑟 |, the stability in 

SSSV is always smaller than TSSV. When lower 𝑅𝑉𝐴 is desirable, e.g., tool 

wear may progress rapidly at high speeds for difficult-to-cut materials, SSSV 

(Figs. 2.7(d)-(f)) can have relatively higher |𝑟 |  and 𝑁  compared to TSSV 

(Figs. 2.7(a)-(c)) under equal 𝑅𝑉𝐴. However, the stability in TSSV is larger 

than that in SSSV under equal 𝑅𝑉𝐴 even though |𝑟 | and 𝑁 are lower. For 

example, stability limits under 𝑅𝑉𝐴 0.6,  𝑇 2.0 sec, and equal |𝑟 | or 𝑁 

(G-K/G’-K’ shown in Figs. 2.7(c)/2.7(f)) are estimated in TSSV/SSSV by linear 

interpolation between neighboring stability limits. The estimated values are 

(3.56 mm, 3.90 mm, 4.29 mm, 4.49 mm, 4.80 mm)/(3.39 mm, 3.59 mm, 3.72 

mm, 4.31 mm, 4.45 mm), and it is confirmed that the stability in TSSV is always 

higher than that in SSSV under equal 𝑅𝑉𝐴.  

Fifth, when 𝑅𝑉𝐴  and 𝑇  are equal, all the graphs represent that the 

smaller the 𝑁, i.e., the smaller the 𝑛 , the higher the stability because |𝑟 | 

increases as 𝑛   decreases under equal 𝑅𝑉𝐴 . In other words, the chatter 

suppression effect of TSSV and SSSV decreases in high-speed region, and 

thus it is unfortunately difficult to realize remarkable improvement of machining 

efficiency. 



Chapter2. Proposal of Novel Chatter Stability Indices of Spindle Speed Variation                

 34

 

 

Fig. 2.7. Stability limits against the stability indices |𝑟 | and 𝑁 under variable 

condition of 𝑇 in TSSV and SSSV. 
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Fig. 2.8. Profile examples of spindle speed and acceleration rate under conditions 

of 𝑇=1.0 sec, |𝑟 |=10 %, and 𝑁=5, 15, 25 in (a) TSSV and (b) SSSV. 

 

2.4  Experimental verification 
 

2.4.1 Experimental setup 

A series of experiments are carried out to verify the validity of the 

revealed chatter growth characteristics in SSV and to confirm the effectiveness 

of the proposed stability indices, i.e., |𝑟 |  and 𝑁 . Figure 2.9 shows a 

photograph of the experimental setup for the pipe-end plunging. The 

experiments are conducted on a turning center (Okuma Corp., SPACETURN 

LB3000EX), and a pipe-shaped workpiece (brass, ISO CuZn35) is cut by a 

tool insert (Mitsubishi Material Corp., TCMW16T308 HTi10) mounted on a tool 

shank (steel, ISO C45) with a rectangular cross-section. The rake and 

clearance angles are 0 and 7 deg, respectively. 
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Fig. 2.9. Experimental setup for pipe-end plunging. 

 

2.4.2 Measurement of dynamic compliance of tool 

Measurement of the dynamic compliance of the tool is carried out with 

an impact hammer (PCB Electronics Inc., 084A14), an accelerometer (PCB 

Electronics Inc., 356A01), and a dummy tool insert with flat perpendicular 

faces for accurate force input. In order to increase the reliability of the 

measurement, the number of impacts for each direction is set to 10, and the 

average of the results is utilized in the time-domain simulations for comparison 

with the cutting experiments with TSSV.  

The workpiece is rigid in the depth of cut 𝑧   direction, and the 

projection of the tool shank is set as long as 90 mm, and thus the chatter 

occurs mainly due to the flexibility of the tool in the z direction. The measured 

dynamic compliances are shown in Fig. 2.10 where (a) shows the cross 

dynamic compliance and (b) shows the direct dynamic compliance. In order to 

use these compliances in the time-domain simulations, the modal parameters 

of the dynamic compliances, including the cross dynamic compliance whose 

phase changes complexly, are identified in the following manner. The equation 

of motion of the tool can be represented as follows. 
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𝑀
𝑦 𝑡
𝑧 𝑡

𝐶
𝑦 𝑡
𝑧 𝑡

𝐾
𝑦 𝑡
𝑧 𝑡

𝑓 𝑡
𝑓 𝑡

 (2.24)

Here, 𝑀  , 𝐶  , and 𝐾   are the modal mass, damping coefficient, and 

stiffness matrices, and they are expressed as follows. 

𝑀
𝑚 𝑚
𝑚 𝑚 , 𝐶

𝑐 𝑐
𝑐 𝑐 , 𝐾

𝑘 𝑘
𝑘 𝑘  (2.25)

Equation (2.24) can be represented in the s domain by taking the Laplace 

transform as follows. 

𝑀 𝑠 𝐶 𝑠 𝐾
𝑦 𝑠
𝑧 𝑠

𝑓 𝑠
𝑓 𝑠

 (2.26)

The dynamic displacements in the principal and thrust directions can be 

expressed as follows: 

𝑦 𝑠
𝑧 𝑠

𝑀 𝑠 𝐶 𝑠 𝐾
𝑓 𝑠
𝑓 𝑠

≡
𝐺 𝐺
𝐺 𝐺

𝑓 𝑠
𝑓 𝑠

 (2.27)

where the elements of the dynamic compliances can be expressed as follows. 

𝐺
𝑚 𝑠 𝑐 𝑠 𝑘

𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘
  

𝐺
𝑚 𝑠 𝑐 𝑠 𝑘

𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘
  

𝐺
𝑚 𝑠 𝑐 𝑠 𝑘

𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘
 

𝐺
𝑚 𝑠 𝑐 𝑠 𝑘

𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘 𝑚 𝑠 𝑐 𝑠 𝑘
 

(2.28) 

Therefore, the equivalent dynamic compliance in the thrust direction, i.e., 

𝐺 𝑠 , can be calculated as follows. 

𝐺 𝑠 𝐺  𝐺
𝐾 /𝐾

1
𝐾 /𝐾 𝐺 𝐺  (29)

The modal parameters are numerically identified by utilizing the least squares 

method between the measured compliances and the fitted compliances which 

use those parameters. The identified modal parameters are shown in Table 

2.2, and the fitted compliances are shown in Fig. 2.10. Figure 2.11 shows the 

measured and fitted equivalent dynamic compliances, and the dotted gray 

lines and solid black lines in Figs. 2.10 and 2.11 represent the measured and 

fitted compliances, respectively. 
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Table 2.2. Numerically identified modal parameters. 

Modal mass   
𝑚  [kg] 0.0748 

𝑚  [kg] -0.0125 

𝑚  [kg] -0.0124 

𝑚  [kg] 0.1247 
Modal damping coefficient   
𝑐  [N/(m∙s)] 7.779 

𝑐  [N/(m∙s)] 35.19 

𝑐  [N/(m∙s)] -12.60 

𝑐  [N/(m∙s)] 45.97 
Modal stiffness   
𝑘  [N/m] 3.912 106 

𝑘  [N/m] -4.678 101 

𝑘  [N/m] -6.700 105 

𝑘  [N/m] 1.063 107 

 

 

Fig. 2.10. Measured and fitted dynamic compliances: (a) cross dynamic compliance 

and (b) direct dynamic compliance. 
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Fig. 2.11. Measured and fitted equivalent dynamic compliances. 

 

2.4.3 Cutting experiments with CSS 

Cutting experiments with CSS are conducted to confirm that the 

analytical stability limits agree well with the experimental results. The stability 

limits in CSS are also compared with those in SSV for investigating the degree 

of the stability improvement by utilizing SSV. 

The spindle speed signal is obtained directly from the spindle motor 

encoder. An accelerometer is used to measure the tool vibration during cutting. 

The frequency components of vibration displacement are obtained by short-

time Fourier transform, and the maximum component 𝑎  in each result is 

investigated. The cutting conditions of CSS are shown in Table 2.3. Note that 

the measurement of the specific cutting forces in the principal 𝑦  and thrust 

𝑧  directions are carried out in advance. Since SSV will be adopted in a wide 

range of the spindle speed, the specific cutting force in each direction is 

determined in multiple spindle speeds. At each spindle speed, the feed rate, 

i.e., static depth of cut, is varied, and the inclination of cutting force versus feed 

rate is identified as the specific cutting force, i.e., the edge force is excluded. 
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The specific cutting forces in the principal and thrust directions at all spindle 

speeds are averaged, and the averaged values, 1284 MPa and 711 MPa 

respectively as shown in Table 2.3, are utilized in the stability limit analysis. 

Note that the variations of specific cutting forces are as small as 2.5 % and 

1.0 % in the principal and thrust directions, respectively, in a speed range from 

1000 min-1 to 3000 min-1. 

The feed rate or static depth of cut is fixed to 0.05 mm. The cutting width, 

i.e., the thickness of the pipe, is changed by means of pre-cutting, and the 

spindle speed is set variable.  

 

Table 2.3. Experimental conditions for cutting with CSS. 

Workpiece properties 
Material  Brass CuZn35 
Diameter 𝐷 [mm] 70 
Specific cutting force in principal direction 𝐾  [MPa] 1284 
Specific cutting force in thrust direction 𝐾  [MPa] 711 
Tool properties 
Width (feed dir.)  Height (cutting dir.) [mm] 25 15 
Projection length [mm] 90 
Cutting condition 
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Cutting width 𝑎 [mm] 0.4, 0.6, 0.8 
Spindle speed 𝑛 [min-1] 1000 - 3000 

 

The stability limit analysis in CSS is conducted with the measured 

equivalent dynamic compliance, and the stability limits are calculated by 

solving Eq. (2.4) [67]. The analytical and experimental results are shown in Fig. 

2.12. Here, the dotted lines represent the results from the stability limit analysis, 

○  represents the cutting result without chatter (𝑎   1.5 μm  ), and  

represents the cutting result with chatter (1.5 μm 𝑎  ). As can be 

observed in Fig. 2.12, the predicted stability limit and chatter frequency in each 

spindle speed agree well with the experimental results; e.g., in the case of a 

cutting width of 0.6 mm or more, chatter occurs under all spindle speed 

conditions. Therefore, it is confirmed that the measured equivalent dynamic 
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compliance and specific cutting forces utilized in the stability limit analysis are 

valid.  

 

 

Fig. 2.11. Predicted stability limit and experimental results of CSS. 

 

2.4.4 Cutting experiments with TSSV and comparison with simulations 

Cutting experiments with TSSV are carried out by utilizing a 

commercially available function (Okuma Corp., Machining Navi L-g). 

Experimental conditions are shown in Table 2.4. Note that the values of the 

SSV parameters specified in Table 2.4 represent the set values, and the actual 

values are directly measured from the spindle speed signal. The value of 𝑟  

expressed in Eq. (2.9) is calculated by finding the moment of one revolution 

before from the integrated rotation angle and then calculating the proportion of 

the previous spindle speed to the present spindle speed. The value of the 

stability indices, i.e., |𝑟 | and 𝑁, are also calculated from the actual spindle 

speed. The cutting width is varied from 2.0 mm to 3.0 mm, which is about from 

4 to 6 times the stability limit in CSS. The results of the cutting experiments 
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are compared with the results of the time-domain simulations. In the simulation, 

the actual spindle speed signal and modal parameters shown in Table 2.2 are 

utilized. Workpiece properties and cutting conditions in the simulation are the 

same with the experimental ones as shown in Tables 2.3 and 2.4. 

 

Table 2.4. Experimental conditions for cutting with TSSV. 

SSV parameters 
Nominal spindle speed 𝑛  [min-1] 1000, 1500, 2000 
Variation period 𝑇 [sec] 0.5 - 3.5 
Variation amplitude ratio 𝑅𝑉𝐴  0.1 - 0.5 
Cutting conditions 
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Cutting width 𝑎 [mm] 2.0 - 3.0 

 

The results of the cutting experiments and the time-domain simulations 

are shown in Fig. 2.13. Figures 2.13(a)-2.13(d) show the results in different 

cutting widths: (a) 2.0 mm, (b) 2.25 mm, (c) 2.5 mm, and (d) 3.0 mm. The 

horizontal and vertical axes represent |𝑟 |  and 𝑁 , respectively. Here, ○ 

represents the cutting result without chatter ( 𝑎     1.5 μm  ), △ 

represents the cutting result with chatter (1.5 μm 𝑎  6 μm ), and 

 represents the cutting result with severe chatter (6 μm 𝑎 ). In the 

simulation, the growing vibration in each period of SSV is considered as chatter. 

□  represents the simulation result without chatter, and ＋  represents the 

simulation result with chatter. The results of the experiments and the 

simulations show good correlation. From Fig. 2.13, the following 

characteristics concerned with the experiments are found.  

First, when 𝑁 is almost equal, the larger the |𝑟 |, the larger the stability. 

Furthermore, when |𝑟 |  is higher than about 8 %, the chatter can be 

suppressed even when the cutting width is set to 3.0 mm, i.e., about 6 times 

higher than the stability limit of CSS. Thus, it can be said that the stability 

increases with an increase of |𝑟 |  regardless of the combination of SSV 

parameters shown in Table 2.4. Therefore, |𝑟 |  is an effective index for 
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evaluating the stability of SSV, and hence the SSV parameters are desirable 

to be set so as to obtain a larger |𝑟 | for realizing a higher suppression effect 

of the chatter vibration throughout the cutting. 

Second, when |𝑟 |  is almost equal, the stability does not always 

increase as 𝑁 increases in the experiment, e.g., A and B in Fig. 2.13(c). In 

addition, when |𝑟 | is smaller than 2 %, the chatter cannot be suppressed 

regardless of the value of 𝑁 even at the smallest cutting width of 2.0 mm as 

shown in Fig. 2.13(a). From this, it can be considered that the influence of |𝑟 | 

on the chatter stability is more dominant than 𝑁 , and these results are 

consistent with the simulation results shown in Fig. 2.7.  

Note that some results disagree between the experiments and the 

simulations, e.g., A in Fig. 2.13(c). One reason for these disagreements can 

be thought to occur due to the criteria of chatter occurrence in the experiments 

which is judged from the magnitude of the dynamic displacement. More 

specifically, the smaller the 𝑁, the smaller the length of the unstable section. 

Hence, the chatter growth is also smaller, and this should result in a relatively 

smaller maximum amplitude of dynamic displacement. Therefore, when the 

stability of the cutting experiment is judged by the same criteria of 𝑎  

regardless of 𝑁, the results with a small 𝑁 are likely to be more stable than 

the results with a large 𝑁. 

Figure 2.14 shows an example of the experimental signals when chatter 

occurs which corresponds to C marked on Fig. 2.13(c). The cutting width is 2.5 

mm, the nominal spindle speed 𝑛  is 1500 min-1, the variation period 𝑇 is 3.0 

sec, and the variation amplitude ratio 𝑅𝑉𝐴  is 0.5. The signal from the 

accelerometer is short-time Fourier transformed to confirm the chatter 

frequency and the displacement amplitude at each moment. During the cutting, 

the growth of chatter is observed in the transitions from the acceleration to the 

deceleration (|𝑟 |  is close to 0 %), and the chatter frequency changes in 

synchronization with the speed variation. More specifically, the chatter 

frequency decreases because of the negative acceleration rate. The chatter 

diminishes as |𝑟 | increases, and the chatter does not grow in the transitions 
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from deceleration to acceleration because |𝑟 | is large in the low speed. In 

order to verify the constant spatial frequency 𝑓   during chatter, the 

comparisons of  𝑓   at times 𝑡  , 𝑡  , and 𝑡   marked on Fig. 2.14 are 

investigated by utilizing Eq. (2.6). The spindle speeds at times 𝑡 , 𝑡 , and 𝑡  

are 2195 min-1, 2071 min-1, and 1972 min-1, respectively, and the chatter 

frequencies at times 𝑡  , 𝑡  , and 𝑡   are 1540 Hz, 1465 Hz, and 1400 Hz, 

respectively. The calculated spatial frequencies at times 𝑡  , 𝑡  , and 𝑡   are 

6.70, 6.76, and 6.78, respectively. From these results, it can be confirmed that 

the spatial frequencies at times 𝑡 , 𝑡 , and 𝑡  are nearly the same. Therefore, 

the phenomena of the chatter frequency fluctuation in proportion to the spindle 

speed, i.e., the chatter grows up at a constant spatial frequency in SSV, is also 

validated experimentally.  

 

 

Fig. 2.13. Results of cutting experiments and time-domain simulations in TSSV 

against stability indices |𝑟 | and 𝑁 under various cutting widths: (a) 2.0 mm, (b) 

2.25 mm, (c) 2.5 mm, and (d) 3.0 mm. 
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Fig. 2.14. Example of experimental signals of spindle speed and 

acceleration rate, corresponding vibration acceleration obtained from 

accelerometer, and short-time Fourier transform result of the vibration acceleration 

at unstable condition (C in Fig. 2.13) at 𝑎=2.5 mm, 𝑛 =1500 min-1, 𝑇=3.0 sec, and 

𝑅𝑉𝐴=0.5 in TSSV. 

 

2.5 Summary 

 

The chatter growth characteristics in SSV were revealed, and the 
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suppression effect of SSV was newly explained focusing on the fluctuation of 

the time chatter frequency. Even when SSV is applied, the regenerative chatter 

can grow with a considerably flexible structure. It was found in this study that 

the regenerative chatter generally grows at a constant spatial frequency in 

SSV (the first chatter growth characteristic). Therefore, when chatter occurs, 

the time chatter frequency changes at the same ratio in which the spindle 

speed changes, meaning that the spatial frequency is kept constant, and it 

brings out change of the magnitude of the dynamic compliance. Due to the 

change of the magnitude, the chatter can be suppressed since the dynamic 

compliance usually reduces as the chatter frequency changes. It was found 

that the chatter is likely to grow during a period where 𝑟  is small in SSV (the 

second chatter growth characteristic). 

Based on the reduction of the compliance, the average of the absolute 

acceleration rate in one period of SSV |𝑟 | and the number of revolutions in a 

unidirectional acceleration section 𝑁  were proposed as novel indices to 

evaluate the chatter stability in SSV, i.e. larger |𝑟 | and 𝑁 result in a larger 

compliance reduction.  

Through the analytical investigations with the time-domain simulation, it 

was proved that the revealed chatter growth characteristics are valid from the 

following facts: 

1) The time chatter frequency changes in proportion to speed variation, and 

the spatial frequency is kept constant.  

2) The chatter growth is confirmed during the period where 𝑟  is small. 

In addition, the relations between the stability and the proposed stability 

indices have been investigated, and the results are summarized as follows: 

1) When 𝑁 is equal, the higher the |𝑟 |, the higher the stability regardless of 

the variation period 𝑇  and the type of SSV. This denotes that |𝑟 |  is an 

effective index for evaluating the stability in SSV. 

2) When |𝑟 | is equal, the stability is the largest at a certain 𝑁, i.e., an optimal 

value of 𝑁  exists. This is because a larger 𝑁  causes a larger dynamic 

compliance reduction, but on the other hand it makes sections with small |𝑟 | 
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longer so that chatter grows there. 

3) When the values of |𝑟 | and 𝑁 are equal, the stability limits are almost 

identical regardless of the combination of SSV parameters, i.e., nominal 

spindle speed, variation period, and variation amplitude ratio. Hence, the 

stability limit can be estimated by utilizing the two proposed stability indices.  

4) As a comparison of SSSV and TSSV, it was confirmed that the stability limit 

in SSSV is always smaller than TSSV when |𝑟 |  and 𝑁  are equal. This is 

because |𝑟 | near the transitions from acceleration to deceleration becomes 

smaller in SSSV. Furthermore, a greater stability is always achieved in TSSV 

than SSSV under equal variation amplitude ratio 𝑅𝑉𝐴 even though |𝑟 | and 

𝑁 in TSSV are lower than those in SSSV.  

5) When 𝑅𝑉𝐴  and 𝑇  are equal, a greater stability can be achieved under 

lower nominal spindle speed since |𝑟 |  increases. This indicates that the 

chatter suppression effect of TSSV and SSSV decreases in high-speed region, 

and thus remarkable improvement of machining efficiency cannot be realized 

unfortunately. 

A series of experiments were carried out to verify the validity of the 

revealed chatter growth characteristics in SSV and to confirm the effectiveness 

of the proposed stability indices. The results of the cutting experiments with 

TSSV were compared with the time-domain simulations. The experimental 

results showed that when 𝑁 is almost equal, the larger the |𝑟 |, the larger the 

stability. Furthermore, when |𝑟 | is higher than about 8 %, the chatter can be 

suppressed in all the conditions of 𝑁 even when the cutting width was set to 

3.0 mm, i.e., about 6 times higher than the stability limit in CSS. These results 

indicate that |𝑟 | was experimentally verified as a valid stability index as it was 

verified in the analytical investigations, and it is important to set appropriate 

SSV parameters so that |𝑟 | is larger than the critical value which is required 

for the suppression of chatter throughout the cutting. On the other hand, when 

the values of |𝑟 | are almost equal, the stability does not always increase as 

𝑁 increases. In addition, when |𝑟 | was smaller than about 2%, the chatter 
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was not suppressed regardless of 𝑁 even at the smallest cutting width. From 

these results, it was observed that the influence of |𝑟 | on the chatter stability 

is more dominant in comparison with 𝑁, and these results are consistent with 

the simulation results. The phenomena where the time chatter frequency 

changes at the same ratio in which the spindle speed changes, i.e., constant 

spatial frequency, was confirmed from the experimental signals. Finally, it was 

confirmed that the chatter grows during the periods where 𝑟  is small. Hence, 

these denote that the revealed chatter growth characteristics are true. 
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Chapter 3 

Proposal of Novel Spindle Speed Variation Profile 

with Constant Acceleration Rate for Improvement of 

Chatter Stability 

 

3.1  Introduction 

 

Extensive studies have been conducted to realize chatter suppression 

[3, 68]. Improving the design of the machine tool or cutting tool can expand the 

chatter-free zones [3]. For example, a specially designed cutting tool system 

to improve the damping capacity [26] and a special milling tool which can 

disrupt the regenerative effect with irregular pitch angle [60] or helix angle [33] 

were studied. Chatter can also be suppressed by adopting appropriate spindle 

speed [69] and rake/clearance angles [70] or utilizing actuators [71, 72].  

As mentioned in Chapter 2, SSV is one of the effective and practical 

techniques for regenerative chatter suppression [62]. However, regenerative 

chatter can grow even if SSV is applied [46, 51, 52, 73] when the SSV 

parameters, i.e., nominal spindle speed, variation amplitude, and variation 

period, are set inappropriately. In Chapter 2, the chatter growth characteristics 

in the conventional SSV profiles, e.g., sinusoidal spindle speed variation 

(SSSV) and triangular spindle speed variation (TSSV), were clarified. When 

chatter occurs during cutting with SSV, it is found that the time chatter 

frequency changes at the same ratio as the spindle speed, meaning that the 

spatial frequency is kept constant (the first chatter growth characteristic) [73]. 

Here, the spatial chatter frequency denotes the number of waves which is left 

on the cut surface per radian due to the regenerative chatter. The change of 

the time chatter frequency causes the change of the magnitude of the dynamic 

compliance, and hence the chatter can be suppressed since the dynamic 
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compliance usually reduces as the chatter frequency changes. Note that a 

greater compliance reduction can be obtained by a higher rate of spindle 

speeds in two consecutive revolutions at the same angular position [73], i.e., 

acceleration rate, and thus the chatter grows where the acceleration rate is 

insufficient for suppressing the chatter (the second chatter growth 

characteristic). 

Based on the magnitude of the compliance reduction, two novel indices 

to evaluate the chatter stability of SSV were proposed [73]. The first one is the 

average of the absolute acceleration rate in one period of SSV, and the second 

one is the number of revolutions in a unidirectional acceleration section. Their 

validity was verified through time-domain simulations and cutting experiments. 

On the other hand, it has been found that conventional SSV profiles has a 

limitation as follows: the acceleration rate always fluctuates in conventional 

SSV profiles, and hence suppressing chatter in all sections of SSV is difficult 

since the magnitude of chatter suppression effect changes during the speed 

variation. Especially, the acceleration rate decreases in a high-speed region, 

and thus remarkable improvement of machining efficiency cannot be realized. 

In this research, a novel SSV which maintains a constant absolute 

acceleration rate, namely CAR-SSV, is proposed to overcome the limitation of 

the conventional SSV. Specifically, it is expected that the chatter stability can 

be improved in all speed regions by maintaining the absolute acceleration rate 

a constant which is higher than the critical value for suppressing chatter.  

 
3.2  Proposal of CAR-SSV 

 

3.2.1 Concept of CAR-SSV 

When chatter grows in cutting with SSV, the time chatter frequency 

changes at the rate of spindle speeds in two consecutive revolutions at the 

same angular position, and hence the spatial frequency is constant in general 

[52, 73]. The time chatter frequency against time 𝑡, i.e., 𝑓 𝑡  [Hz], can be 

expressed as follows, 
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𝑓 𝑡
𝑛 𝑡

𝑛 𝑡 𝜏 𝑡
𝑓 𝑡 𝜏 𝑡  (3.1)

where 𝑛 𝑡  [min-1], 𝜏 𝑡  [s], 𝑛 𝑡 𝜏 𝑡  [min-1], and 𝑓 𝑡 𝜏 𝑡  [Hz] are the 

spindle speed against time 𝑡, spindle rotational period which varies depending 

on the spindle speed profile, the spindle speed at one revolution before, and 

the chatter frequency at one revolution before, respectively. 

Since regenerative chatter tends to occur near the resonance, the 

change of the time chatter frequency causes a reduction of the magnitude of 

the dynamic compliance of the vibratory structure. A larger compliance 

reduction can be obtained with a larger change of time chatter frequency. 

Since the acceleration rate 𝑟  [%] is equivalent to the rate of the change of 

the time chatter frequency, it was proposed as a key parameter to evaluate the 

chatter suppression effect by speed variation [52, 73]. For SSV, the average 

of the absolute acceleration rate in one period of SSV |𝑟 | was proposed as 

one of the indices to evaluate the chatter stability [73]. As introduced in the 

previous chapter, 𝑟  [%] and |𝑟 | [%] were defined as follows. 

𝑟 𝑡
𝑛 𝑡

𝑛 𝑡 𝜏 𝑡
1 100 (3.2)

|𝑟 |
1
𝑇

|𝑟 𝑡 | 𝑑𝑡 (3.3)

In general, the variation amplitude is set high to suppress regenerative 

chatter when utilizing SSV. This increases the number of revolutions in a 

unidirectional acceleration section 𝑁 , which is the second stability index of 

SSV. However, it has been found that the acceleration rate inevitably fluctuates 

with this increase, and it becomes small in the high-speed region. Thus, the 

chatter suppression effect decreases. This is the limitation of the conventional 

SSV, and a remarkable improvement of the machining efficiency cannot be 

realized when utilizing them.  

To overcome the limitation of the conventional SSV, CAR-SSV, where 

the absolute acceleration rate is maintained a constant which is higher than 

the critical value for suppressing chatter, is proposed. It is expected that the 
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chatter stability can be improved in all speed regions.  

Examples of the spindle speed and the acceleration rate in CAR-SSV 

and TSSV are shown in Fig. 3.1. The red solid and blue dashed lines represent 

the profiles of CAR-SSV and TSSV, respectively. 𝑛 , 𝑛 , 𝑛 , , and 𝑛 ,  

in the spindle speed profile are the minimum spindle speed, the maximum 

spindle speed, nominal spindle speed in TSSV, and reference spindle speed 

in CAR-SSV, respectively. Note that 𝑛 ,  is defined as the spindle speed at 

half the time period of a unidirectional acceleration, e.g., spindle speed at 𝑇/4. 

To maintain |𝑟 | constant in the acceleration section in CAR-SSV, the speed 

change in each revolution becomes larger according to the increase of the 

spindle speed. In other words, a larger acceleration is necessary for higher 

spindle speeds, and thus the time period for changing a certain amount of 

spindle speed will be smaller in the higher spindle speeds compared to the 

lower spindle speeds. From this reason, the average spindle speeds in TSSV 

and CAR-SSV denote different values. 

In order to make the spindle speed profiles in the acceleration and 

deceleration sections symmetrical against the spindle speed axis, |𝑟 |  in 

those sections are maintained unequal as 𝑟 ,   and 𝑟 ,   shown in the 

acceleration rate profile of CAR-SSV in Fig. 3.1. Specifically, assuming that 𝑛  

is a high spindle speed and 𝑛  is a low spindle speed, 𝑟 ,  and 𝑟 ,  can 

be expressed as 𝑟 , 𝑛 /𝑛 1  100  and 𝑟 , 𝑛 /𝑛 1 100 , 

respectively. The absolute values of those are unequal. However, the 

discrepancy between 𝑟 ,  and 𝑟 ,  is not large since they are usually small 

values. For instance, when 𝑟 ,  is set to 5%, 𝑟 ,  is about 4.8%. For the 

generation of the spindle speed profile, 𝑟 ,  is defined first, and then 𝑟 ,  

is determined subordinately. Therefore, 𝑟 ,   will be utilized as set (aimed) 

acceleration rate 𝑟  [%] in this research. Note that 𝑟 ,  can be set equal to 

𝑟 , , but the time period for the acceleration and deceleration sections will 

differ in that case. In the sections where the acceleration direction switches, 

i.e., switching from acceleration to deceleration ( 𝑡 , ) or from deceleration to 
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acceleration ( 𝑡 , ), |𝑟 | is close to zero.  

As for TSSV, it can be confirmed that 𝑟   in TSSV fluctuates largely 

throughout the speed variation region. 𝑟 ,   and 𝑟 ,   represent the 

maximum and minimum acceleration rates of TSSV in all sections, respectively, 

except for the sections where the acceleration direction switches. 𝑡  

represents the time length where |𝑟 | in CAR-SSV is greater than that in TSSV, 

and 𝑡  represents the time length where |𝑟 | in CAR-SSV is less than that in 

TSSV.  

Chatter suppression effect throughout the cutting is expected in CAR-

SSV since |𝑟 |  is maintained constant regardless of the speed variation 

except for the sections where the acceleration direction switches. Furthermore, 

when the critical |𝑟 |  necessary for suppressing the chatter is larger than 

𝑟 ,  but smaller than |𝑟 |, chatter can be effectively suppressed throughout 

the cutting when CAR-SSV is utilized. On the other hand, chatter grows during 

𝑡  when TSSV is utilized. 
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Fig. 3.1. Profiles of spindle speed and acceleration rate in CAR-SSV and TSSV. 

 

3.2.2 Formulation of CAR-SSV profile 

This section introduces the formulation of the CAR-SSV profile in order 

to utilize it in the time-domain simulation. The formulations of TSSV and SSSV 

have been introduced in the previous works [46, 73]. For CAR-SSV, the 

acceleration rate should be kept in acceleration/deceleration section. That 

means, the spindle speed should be increased/decreased as same as the 

acceleration rate during 1 revolution. Therefore, the following relations should 

be satisfied: 

𝑛 , 𝜃 1
𝑟 ,

100
𝑛 , 𝜃 2𝜋

𝑛 , 𝜃 1
𝑟 ,

100
𝑛 , 𝜃 2𝜋

 (3.4) 

Where 𝑛 ,  [min-1] and 𝑛 ,  [min-1] are the spindle speed of CAR-SSV in 
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the acceleration section and the deceleration section, respectively. From those 

relations, 𝑛 ,  [min-1] and 𝑛 ,  [min-1] can be formulated as follows: 

⎩
⎪
⎨

⎪
⎧𝑛 , 𝜃 𝑛 1

𝑟 ,

100

𝑛 , 𝜃 𝑛 1
𝑟 ,

100

 (3.5) 

where 𝑛   [min-1] is the initial spindle speed in that section. The following 

differential equation in the acceleration section can be obtained: 

𝑑𝜃
𝑑𝑡

2𝜋𝑛 , 𝜃
60

2𝜋𝑛 1
𝑟 ,
100

60
 

(3.6)

This equation can be transformed as follows: 

𝑑𝑡
𝑑𝜃

60
2𝜋𝑛

1
𝑟 ,

100
60

2𝜋𝑛
𝑒

,
 (3.7)

Next, Eq. (3.8) can be obtained from the integration of Eq. (3.7): 

𝑡
𝑑𝑡
𝑑𝜃

𝑑𝜃
60

2𝜋𝑛
𝑒

,
𝑑𝜃

60

𝑛 ln 1
𝑟 ,
100

𝑒
,

𝐶 
(3.8)

where 𝐶  is an integral constant, and 𝐶  can be determined by utilizing the 

initial condition 𝑡 0 0  as follows: 

𝐶
60

𝑛 ln 1
𝑟 ,
100

 (3.9)

From Eqs. (3.8) and (3.9), 𝜃 𝑡  can be calculated as: 

𝜃 𝑡
2𝜋

ln 1
𝑟 ,
100

ln 1
𝑛
60

ln 1
𝑟 ,

100
𝑡  (3.10)

The following differential equation is obtained: 

𝑑𝜃 𝑡
𝑑𝑡

2𝜋𝑛

60 𝑛 ln 1
𝑟 ,
100 𝑡

 (3.11)

By using Eqs. (3.6) and (3.11), 𝑛 , 𝑡  can be derived as follows: 
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𝑛 , 𝑡
𝑛

1
𝑛
60 ln 1

𝑟 ,
100 𝑡

 (3.12)

In the same manner with Eqs. (3.6)-(3.11), the formulation of 𝑛 , 𝑡  can be 

derived as: 

𝑛 , 𝑡
𝑛

1
𝑛
60 ln 1

𝑟 ,
100 𝑡

 (3.13)

In this research, 𝑟 ,  is defined as the set acceleration rate 𝑟  [%]. 

|𝑟 |  is close to zero at the sections where the acceleration direction 

switches. Since the angle of these sections is one revolution, i.e., 2𝜋 rad, the 

time lengths 𝑡  and 𝑡  satisfy the following equations. 

𝑛 𝑡
60

𝑑𝑡 1 𝑘 2, 4, 6, 8 …  (3.14)

𝑛 𝑡
60

𝑑𝑡 1 𝑘 1, 3, 5, 7 …  (3.15)

 

3.3  Analytical investigations of CAR-SSV 
 

3.3.1 Time-domain simulation model 

Time-domain simulations are carried out to investigate the influence of 

the parameters of CAR-SSV on the chatter stability and to verify the validity of 

CAR-SSV through comparison with SSSV and TSSV. Figure 3.2 shows a 

schematic illustration of the dynamic model in a SDOF vibratory system. It is 

assumed that the cutting tool is flexible in the thrust (𝑧 ) direction, and the 

regeneration occurs only in the 𝑧 direction. The dynamic uncut chip thickness 

ℎ 𝑡   [m] and dynamic cutting force in the thrust direction 𝐹 𝑡   [N] can be 

expressed as follows: 

ℎ 𝑡 ℎ 𝜇𝑧 𝑡 𝜏 𝑡 𝑧 𝑡 ℎ 𝜇𝑧 𝜃 𝑡 2𝜋 𝑧 𝑡  (3.16)

𝐹 𝑡 𝐾 𝑎ℎ 𝑡  (3.17)

where ℎ  [m] is the static depth of cut, 𝜇 is the overlapping factor (𝜇 1 in 

orthogonal cutting process such as pipe-plunging), 𝜏 𝑡  [s] is the time-varying 
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spindle rotational period, 𝑧 𝑡  [m] is the dynamic displacement, 𝜃 𝑡  [rad] is 

the spindle rotational angle, 𝑧 𝜃 𝑡 2𝜋  is the dynamic displacement of one 

revolution before at the spindle rotational angle 𝜃 𝑡 , 𝐾  [Pa] is the specific 

cutting force in the thrust direction, and 𝑎 [m] is the cutting width.  

The equation of motion of the tool can be expressed as follows: 

𝑚𝑧 𝑡 𝑐𝑧 𝑡 𝑘𝑧 𝑡 𝐾 𝑎 ℎ 𝜇𝑧 𝜃 𝑡 2𝜋 𝑧 𝑡  (3.18)

where 𝑚  [kg], 𝑐  [N/(m ∙ s)], and 𝑘  [N/m] are the modal mass, damping 

coefficient, and stiffness of the tool, respectively. The time-varying spindle 

rotational period 𝜏 𝑡  can be calculated by the following equation. 

𝑛 𝑡
60

𝑑𝑡 1 (3.19)

In the time-domain simulation, 𝑧 𝑡  is calculated by solving Eq. (3.18) 

directly, and the solution is approximated by the 4th order Runge-Kutta method. 

In order to calculate 𝜃 𝑡  , 𝑧 𝜃 𝑡 2𝜋  , and 𝑟 𝑡  , the values of 𝑧 𝑡   and 

𝑛 𝑡  at each calculation step of the time-domain simulation are memorized. 

For instance, 𝜃 𝑡  can be calculated by integrating the spindle speed by Eq. 

(3.20), and the time difference between the present and previous revolutions 

at the same angular position 𝜏 𝑡  is determined by finding the minimum value 

of 𝐾  satisfying the following modulo function: mod( 𝜃 𝑡 𝜃 𝑡 𝐾

𝑡 , 2𝜋) ≒ 0, i.e., 𝜏 𝑡 =min 𝐾 𝑡 , where 𝑡  is the time resolution of the 

simulation. 

𝜃 𝑡 2𝜋
𝑛 𝑡
60

𝑑𝑡 (3.20)

The static depth of cut gradually increases at the beginning of the simulation, 

and this is the only source of chatter applied in it. Note that the tool 

disengagement from the workpiece due to the chatter growth, i.e., ℎ 𝑡 0, 

and the multiple regenerative effect [74] from this phenomenon are considered 

in the simulation. 
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Fig. 3.2. Schematic illustration of dynamic cutting model with SDOF vibratory 

system. 

 

3.3.2 Comparison with conventional SSV based on stability indices 

In order to verify the effectiveness of CAR-SSV, a comparison of the 

stability of CAR-SSV and conventional SSV is carried out based on the stability 

indices [73], i.e., |𝑟 |  and 𝑁 . The parameters utilized in the time-domain 

simulation are shown in Table 3.1. The cutting width is increased by 0.1 mm 

increment, and the cutting width where chatter occurs is searched. Note that 

the growing vibration in each period of SSV is considered as chatter. By 

subtracting one increment from that width, the stability limit 𝑎   [mm] is 

determined. 

 

Table 3.1. Parameters used in time-domain simulation. 

Workpiece properties   
Diameter 𝐷 [mm] 70 
Specific cutting force in thrust direction 𝐾  [MPa] 711 
Modal parameters   
Mass 𝑚 [kg] 0.2266 
Damping coefficient 𝑐 [N/(m∙s)] 44.19 
Stiffness 𝑘 [N/m] 1.118 107 

Parameters of CAR-SSV   
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Reference spindle speed 𝑛 ,  min  600-3500 
Variation period 𝑇 s  1.0 
Set acceleration rate 𝑟  [%] 2.5-10.2 
Cutting conditions   
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Cutting width 𝑎 [mm] 0.1 – 12.0 

 

Figure 3.3 shows the stability limits against the stability indices |𝑟 | and 

𝑁 in (a) SSSV [73], (b) TSSV [73], and (c) CAR-SSV at 𝑇 1.0 s. In the case 

of SSSV and TSSV, 𝑛 ,  and 𝑛 ,  is proportional to 𝑁 at a constant 𝑇 [73]. 

Meanwhile, since the average spindle speed in CAR-SSV is different from 𝑛 , , 

the values of 𝑛 ,   and 𝑟   in CAR-SSV at each condition in Fig. 3.3(c) that 

satisfy the defined values of |𝑟 | and 𝑁 are searched. The magnitude of the 

stability limit (critical cutting width) is represented by utilizing a color map. From 

Fig. 3.3, the following remarks are found.  

 

1) When |𝑟 |  and 𝑁  are the same, the stability limit of CAR-SSV is 

always equal to or higher than those of SSSV and TSSV. The increase 

of the stability limit of CAR-SSV to those of SSSV and TSSV at each 

condition is calculated. From the result, it is confirmed that the larger the 

|𝑟 | and 𝑁, the larger the increase. Especially, the stability limit at |𝑟 |

10 % and 𝑁 30 in CAR-SSV (𝑎  in Fig. 3.3(c)) is about 2.70 times 

those of SSSV (𝑎  in Fig. 3.3(a)) and TSSV (𝑎  in Fig. 3.3(b)). 

2) When 𝑁 is the same, the stability limit increases with an increase of 

|𝑟 | regardless of the type of SSV. 

3) When |𝑟 | is the same, the stability limits of SSSV and TSSV are the 

largest at a certain 𝑁, e.g., 20 in the case of |𝑟 | 10, but the stability 

limit of CAR-SSV increases with an increase of 𝑁 under all |𝑟 |. The 

reason for this can be considered as follows. In the cases of SSSV and 

TSSV, the fluctuation amplitude of |𝑟 | becomes large with an increase 

of 𝑁 [73], and hence the chatter can grow when |𝑟 | is insufficient to 

suppress the chatter. In contrast, when utilizing CAR-SSV, |𝑟 |  is 
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sufficient in almost all sections since |𝑟 | is kept constant except for the 

sections where the acceleration direction switches. Therefore, a larger 

change of chatter frequency can be obtained with a larger 𝑁 , and it 

increases the stability limit. 
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Fig. 3.3. Stability limits against stability indices |𝑟 | and 𝑁 in (a) SSSV, (b) TSSV, 

and (c) CAR-SSV at 𝑇 1.0 s. 

 

 

3.3.3 Clarification of effects of CAR-SSV parameters on stability 

Next, the relations between the CAR-SSV parameters and the stability 

are investigated to propose the strategies for setting appropriate parameters. 

The parameters of CAR-SSV utilized in investigation are shown in Table 3.2. 

Figure 3.4 shows the simulation results at multiple variation periods: (a) 𝑇

0.5 s, (b) 𝑇 1.0 s, (c) 𝑇 2.0 s, and (d) 𝑇 4.0 s. Each graph represents 

the stability limit against the acceleration rate. The black dotted line with 

crosses represents the results at 𝑛 , 1000 min-1, the blue dashed line with 

triangles represents the results at 𝑛 , 1500 min-1, and the red solid line with 

circles represents the results at 𝑛 , 2000 min-1. Figures 3.5 (a), (b), and (c) 

show the profiles of the spindle speed 𝑛 𝑡 , the acceleration rate 𝑟 𝑡 , and 

the spindle rotational angle 𝜃 𝑡  which correspond to A, B, and C marked on 

Fig. 3.4, respectively. Here, the set acceleration rate 𝑟  in the three profiles 

are the same, i.e., 3 %, but 𝑛 ,  and 𝑇 are different: (a) 𝑛 , 1000 min-1, 

𝑇 0.5  s, (b) 𝑛 , 2000  min-1, 𝑇 0.5  s, and (c) 𝑛 , 1000  min-1, 𝑇

4.0 s. Note that even if 𝑛 ,  and 𝑟  are the same, the larger the 𝑇, the higher 

the maximum spindle speed and the lower the minimum spindle speed as 

shown in Figs. 3.5 (a) and 3.5 (c). From the results, the following remarks are 

found. 

 

Table 3.2. Parameters of CAR-SSV used in time-domain simulation. 

Parameters of CAR-SSV   
Reference spindle speed 𝑛 ,  min 1000, 1500, 2000 
Variation period 𝑇 s  0.5, 1.0, 2,0, 4.0 
Set acceleration rate 𝑟  [%] 1, 2, 3, 4, 5, 6 

 

1)  The stability limit increases with a higher 𝑟  under most 𝑛 ,  and 𝑇, 

except for when 𝑟  increases from 5 % to 6 % at 𝑇 4.0 s shown in 
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Fig. 3.4(d). Hence, in order to increase the chatter stability, it is desirable 

to set a larger 𝑟  as long as the limit of the spindle motor load is not 

exceeded. 

2) When 𝑟   is the same, the stability limit mostly increases with an 

increase of 𝑛 ,  and 𝑇. To investigate this reason, |𝑟 | [%] and 𝑁 of 

the profiles shown in Fig. 3.5 are evaluated. Note that 𝑁 is calculated 

as follows: 

𝑁
𝜃 𝑡  𝑑𝑡

/

2𝜋

𝜃 𝑡 𝑑𝑡
/

2𝜋
 (3.21)

𝑡   is the time period of the section where the acceleration directions 

switches from deceleration to acceleration, 𝑡  is the time period of the 

section where the acceleration direction switches from acceleration to 

deceleration, 𝑡  is the time period of the acceleration section, and 𝑡  is 

the time period of the deceleration section. The calculated values of (|𝑟 |, 

𝑁) at the conditions of A, B, and C are (2.68 %, 4.18), (2.86 %, 8.35), 

and (2.99 %, 36.1), respectively. From these, it is confirmed that the 

larger the 𝑛 ,  and 𝑇, the larger the |𝑟 | and 𝑁 even though the set 

value 𝑟  is the same. Thus, the stability increases because the chatter 

frequency can be greatly changed, and the dynamic compliance can be 

greatly reduced. Assuming the initial chatter frequency 𝑓 , the change 

of chatter frequency can be expressed as 𝑓 1 𝑟 /100 . The value 

of 1 𝑟 /100  at A, B, and C are 1.12, 1.27, and 2.90, respectively. 

The dominant reason for the reduction of the compliance is the increase 

of 𝑁  because |𝑟 |  in all conditions show a similar value. One more 

reason can be the increase of |𝑟 |  from the decrease of 𝑡   and 𝑡  , 

which means that the length of the section where |𝑟 |  is insufficient 

decreases as shown in Fig. 3.5. For reference, the ratio of the sum of 

the time periods where the acceleration direction changes (𝑡 𝑡 ) to 

the sum of the time periods where 𝑟  is maintained a constant (𝑡 𝑡 ) 

is calculated. The calculated 𝑡 𝑡 / 𝑡 𝑡  at the conditions of A, 

B, and C are 0.3256, 0.1358, and 0.0312, respectively. From these two 
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reasons, by setting a large 𝑛 ,  and 𝑇, a remarkable improvement of 

the machining efficiency can be realized by utilizing CAR-SSV since a 

large cutting width, i.e., large stability limit, can be adopted. Hence, 

CAR-SSV can be an effective solution to overcome the limitation of 

conventional SSV. 

3) The tendency of the increase of the stability with a higher 𝑛 ,  is not 

confirmed at 𝑇 4.0 s. This is thought to happen because the chatter 

frequency changes excessively due to an extremely large 𝑁 at a large 

𝑇. More specifically, when the chatter frequency excessively changes 

from the resonance, the reduction effect of the dynamic compliance 

reaches a certain asymptotic value since the compliance is nearly 

constant far away from the resonance. Therefore, the increase of the 

stability against the increase of 𝑁 becomes smaller.  
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Fig. 3.4. Stability limits against acceleration rate under varied 𝑛 ,  and 𝑇. 
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Fig. 3.5. Profiles of spindle speed, acceleration rate, and spindle rotational angle. 

 

3.3.4 Comparison with conventional SSV focusing on its applicability 

To verify the effectiveness of CAR-SSV focusing on its applicability to 

the actual industry, the machining efficiency against the thermal load of the 

spindle motor in CAR-SSV, TSSV, and SSSV are compared.  

The spindle speeds of TSSV 𝑛 𝑡  [min-1] and SSSV 𝑛 𝑡  [min-1] can 

be described as follows.  

𝑛 𝑡
𝑛 , 𝑛 ,

4𝑛 ,

𝑇
mod 𝑡, 𝑇 𝑖𝑓 0 mod 𝑡, 𝑇 𝑇 2⁄

𝑛 , 3𝑛 ,
4𝑛 ,

𝑇
mod 𝑡, 𝑇 𝑖𝑓 𝑇 2⁄ mod 𝑡, 𝑇 𝑇

 (3.22)

𝑛 𝑡 𝑛 , 𝑛 , sin
2𝜋
𝑇

𝑡
𝜋
2

 (3.23)

Here, 𝑛 ,   [min-1] and 𝑛 ,   [min-1] are the nominal spindle speeds in TSSV 

and SSSV, respectively, and 𝑛 ,   [min-1] and 𝑛 ,   [min-1] are the variation 

amplitudes in TSSV and SSSV, respectively. The profiles of CAR-SSV are 

created at first, and then the profiles of TSSV and SSSV are created with 

identical thermal load and identical average spindle speed as those of CAR-
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SSV so that the three profiles can be compared from a practical viewpoint. As 

a first step, the average spindle speed of CAR-SSV 𝑛  [min-1] is calculated 

by Eq. (3.24), and 𝑛 ,  and 𝑛 ,  are set equal to 𝑛 . 

𝑛
2
𝑇

𝑛 , 𝑡 𝑑𝑡
/

 (3.24)

The thermal load of the spindle motor is basically proportional to the 

square of the current. Since the current increases proportionally to the spindle 

acceleration, the thermal load of the spindle motor increases proportionally to 

the square of the acceleration. Hence, the average of the square of the spindle 

acceleration 𝐻 [rev2/s4] is equivalent to the average thermal load increase of 

the spindle motor. The average of the square of the spindle acceleration in 

SSV 𝐻 [rev2/s4] can be calculated as follows. 

𝐻
2
𝑇

𝑑
𝑑𝑡

𝑛 𝑡
60

𝑑𝑡 (3.25)

𝐻  in CAR-SSV is calculated, and then 𝑛 ,   and 𝑛 ,   are determined to 

satisfy the following relations in order to set the same thermal load from Eqs. 

(3.22)-(3.25).  

𝑛 , 15𝑇 𝐻 (3.26)

𝑛 ,
30𝑇 2𝐻

𝜋
 (3.27)

The utilized parameters of CAR-SSV are shown in Table 3.2 and the 

parameters of TSSV and SSSV are determined by Eqs. (3.25)-(3.27). The 

machining efficiency 𝑃 [mm3/min] is defined with material removal rate (MRR) 

as follows: 

𝑃 𝑎 𝜋𝐷ℎ 𝑛  (3.28)

As shown in Table 3.1, 𝐷 and ℎ  are fixed values which are set the same as 

those in the experimental conditions. Figure 3.6 shows the obtained 𝑃 against 

𝐻 in the three types of SSV under varied 𝑇: (a) 𝑇 0.5 s, (b) 𝑇 1.0 s, (c) 

𝑇 2.0 s, and (d) 𝑇 4.0 s. Red circles represent the results of CAR-SSV, 

blue triangles represent the results of TSSV, and green crosses represent the 

results of SSSV. Note that the variation amplitudes of TSSV and SSSV should 
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be set smaller than their average spindle speeds because the spindle speed 

cannot be lower than 0 min-1. Therefore, the conditions which do not satisfy 

this constraint are neglected, and those are not plotted in Fig. 3.6. 

Figure 3.7 shows the profiles of the spindle speed and the acceleration 

rate in CAR-SSV, TSSV, and SSSV which correspond to A, B, and C marked 

on Fig. 3.6: (A) 𝑇 0.5 s, 𝑛 , 1000 min-1, and 𝑟  3 %, (B) 𝑇 0.5 s, 

𝑛 , 2000 min-1, and 𝑟  6 %, and (C) 𝑇 2.0 s, 𝑛 , 1000 min-1, and 

𝑟  3 %. From Figs. 3.6 and 3.7, the following remarks are found. 

 

1) When 𝐻 is the same, 𝑃 of CAR-SSV is almost equal to or higher than 

those of TSSV and SSSV. It is verified that CAR-SSV is more effective 

to suppress chatter, and the applicability to the actual industry is superior 

to that of the conventional SSV profiles. 

2) From Fig. 3.6, it is confirmed that the increase of the machining 

efficiency in CAR-SSV compared to those of TSSV and SSSV becomes 

larger with a larger 𝐻 and 𝑇. The reason for this can be explained as 

follows. As shown in Fig. 3.7, the larger the 𝐻 and 𝑇, the larger the 

fluctuation amplitude of 𝑟   in TSSV and SSSV. Consequently, the 

sections where |𝑟 |  in TSSV and SSSV is smaller than |𝑟 |  in CAR-

SSV (near the transitions from acceleration to deceleration) becomes 

longer. Hence, the change of chatter frequency becomes smaller in 

those sections in TSSV and SSSV, and the stabilization effect decreases 

since a sufficient compliance reduction cannot be obtained. In contrast, 

in the case of CAR-SSV, the time periods 𝑡   and 𝑡   of the sections 

where |𝑟 | decreases, i.e., the transitions of the acceleration direction, 

become shorter with a larger 𝐻  and 𝑇 , and thus CAR-SSV can 

overcome the limitation of TSSV and SSSV. 
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Fig. 3.6. Simulation results of material removal rate (MRR) 𝑃 against average of 

square of spindle acceleration 𝐻 under varied 𝑇. 

 

 

Fig. 3.7. Profiles of spindle speed and acceleration rate corresponding to A, B, and 
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C marked in Fig. 3.6. 

 

3.4  Experimental investigations into CAR-SSV 
 

3.4.1 Experimental setup 

Two series of experiments are carried out to verify the effectiveness of 

CAR-SSV. Figure 3.8 shows a photograph of the experimental setup for the 

pipe-end plunging. A 2-turret CNC lathe (Okuma Corp., SIMUL TURN 

LU3000EX) is utilized, and a tool insert (Mitsubishi Material Corp., 

TCMW16T308 HTi10) mounted on a tool shank (steel, ISO C45) with a 

rectangular cross-section is used to cut a pipe-shaped workpiece (brass, ISO 

CuZn35). The rake and clearance angles of the tool are 0 and 7 deg, 

respectively. The spindle speed and vibration acceleration signals are obtained 

from the spindle motor encoder and a 3-axis accelerometer mounted on the 

tool shank, respectively. 

 

Fig. 3.8. Experimental setup for pipe-end plunging. 

 

3.4.2 Measurement of dynamic compliance of tool shank 

The dynamic compliance of the tool shank is measured with an impact 
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hammer (PCB Electronics Inc., 086E80), an accelerometer (PCB Electronics 

Inc., 356A01), and a dummy tool insert with flat perpendicular faces. These 

faces are perpendicular to the principal and thrust directions, and they are 

utilized for accurate force input. The width and the height of the utilized tool is 

25 mm and 15 mm, respectively. The projection of the tool shank is set as long 

as 80 mm, and the workpiece is rigid in the z direction. The impact for each 

direction is repeated 10 times, and their average is utilized for higher reliability 

of the measurement. After the measurement of the dynamic compliances, their 

modal parameters are identified in order to utilize them in the time-domain 

simulations and compare the results with those of the cutting experiments. The 

details of the identification of the modal parameters are described in the 

previous work [73]. The identified modal parameters are shown in Table 3.3. 

The measured and fitted dynamic compliances are shown in Fig. 3.9, 

where (a) shows the cross dynamic compliance 𝐺  and (b) shows the direct 

dynamic compliance 𝐺 . The equivalent dynamic compliance [73] in the thrust 

direction 𝐺 𝑠   is calculated by utilizing Eq. (3.29) as introduced in the 

previous chapter, and the measured and fitted equivalent dynamic 

compliances are shown in Fig. 3.10. Here, 𝐾  and 𝐾  in Eq. (3.29) are the 

specific cutting forces in the principal 𝑦   and thrust 𝑧   directions, 

respectively, and they are measured in advance. The dashed blue lines and 

the solid red lines in Figs. 3.9 and 3.10 represent the measured and fitted 

dynamic compliances, respectively. 

𝐺 𝑠 𝐺  𝐺
𝐾 /𝐾

1
𝐾 /𝐾 𝐺 𝐺  (3.29)

 

Table 3.3. Numerically identified modal parameters. 

Modal mass   
𝑚  [kg] 0.0658 

𝑚  [kg] 0.0221 

𝑚  [kg] -0.0107 

𝑚  [kg] 0.1807 
Modal damping coefficient   
𝑐  [N/(m∙s)] 32.73 
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𝑐  [N/(m∙s)] -42.28 

𝑐  [N/(m∙s)] 13.61 

𝑐  [N/(m∙s)] 84.99 
Modal stiffness   
𝑘  [N/m] 8.203 106 

𝑘  [N/m] 2.624 106 

𝑘  [N/m] -5.478 105 

𝑘  [N/m] 2.076 107 

 

 

Fig. 3.9. Measured and fitted dynamic compliances: (a) cross dynamic compliance 

and (b) direct dynamic compliance. 
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Fig. 3.10. Measured and fitted equivalent dynamic compliances. 

 

3.4.3 Cutting experiments with constant spindle speed 

Cutting experiments with constant spindle speed (CSS) are conducted 

to confirm the validity of the dynamic compliance by means of comparing the 

predicted and experimental stability limits. In addition, the degree of the 

stability improvement by utilizing CAR-SSV and TSSV compared to CSS can 

be investigated by comparing the stability limits. 

Experimental conditions for cutting with CSS are shown in Table 3.4. 

The feed rate, i.e., static depth of cut in pipe-end plunging, is fixed to 0.05 mm, 

the cutting width, i.e., the thickness of the pipe, is changed by means of pre-

cutting, and the spindle speeds are set variable from 1000 to 3000 [min-1]. The 

stability limits are calculated by utilizing the measured and fitted equivalent 

dynamic compliances. The predicted stability limits and experimental results 

are shown in Fig. 3.11. The blue and red solid lines represent the predicted 

stability limit with the measured and fitted compliances, respectively. As for the 

experimental results, the measured vibration acceleration is short-time Fourier 

transformed to confirm the chatter frequency and the maximum vibration 

amplitude 𝑎 . The circles and the crosses in Fig. 3.11 represent the cutting 
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results without chatter (𝑎   1.0 μm  ) and with chatter (1.0 μm

𝑎 ), respectively. As can be observed in Fig. 3.11, chatter occurs regardless 

of the spindle speeds when the cutting width is 1.4 mm, and the experimental 

results represent higher stability than the predicted stability limit especially in 

the high-speed region (2500 min-1 and 3000 min-1). This may come from the 

change of the specific cutting force in the wide cutting speed range, i.e., the 

specific cutting force generally decreases with the increase of the cutting 

speed. Meanwhile, it can be confirmed that the predicted stability limits with 

measured and fitted compliances are almost equal, and the predicted and 

measured chatter frequencies are all in good agreement; hence, the modal 

parameters can be used in the time-domain simulation with SSV.   

 

Table 3.4. Experimental conditions for cutting with CSS. 

Workpiece properties 
Material  Brass CuZn35 
Diameter 𝐷 [mm] 70 
Specific cutting force in principal direction 𝐾  [MPa] 1284 
Specific cutting force in thrust direction 𝐾  [MPa] 711 
Tool properties 
Width (feed dir.)  Height (cutting dir.) [mm] 25 15 
Projection length [mm] 80 
Cutting condition 
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Cutting width 𝑎 [mm] 0.8, 1.0, 1.2, 1.4 
Spindle speed 𝑛 [min-1] 1000 - 3000 
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Fig. 3.11. Predicted stability limits and experimental results of CSS. 

 

3.4.4 Method for generating CAR-SSV profile and experimental 

conditions 

Cutting experiments with CAR-SSV and TSSV are carried out to verify 

the effectiveness of CAR-SSV as well as to confirm the relations between the 

parameters of CAR-SSV and the stability. The experimental conditions are 

shown in Table 3.5. Experiments with TSSV are carried out by utilizing a 

commercially available function (Okuma Corp., Machining Navi L-g). Note that 

the variation amplitude ratio 𝑅𝑉𝐴, which is defined as the ratio of the speed 

variation amplitude to the average spindle speed 𝑛 , /𝑛 , is limited to 0.5 or 

lower. The values of the parameters of CAR-SSV and TSSV specified in Table 

3.5 represent the set values, and the actual values are directly measured from 

the obtained spindle speed signals. 

 

Table 3.5. Experimental conditions for cutting with CAR-SSV and TSSV. 

Parameters of CAR-SSV   
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Reference spindle speed 𝑛 ,  min  1000, 1500, 2000 
Variation period 𝑇 s  0.5, 1.0, 2,0, 4.0 
Set acceleration rate 𝑟  [%] 1.0 – 6.0 
Parameters of TSSV   
Nominal spindle speed 𝑛 ,  min  1000, 2000 
Variation period 𝑇 s  1.0, 2.0, 4.0 
Variation amplitude ratio 𝑅𝑉𝐴  0.1 - 0.5 
Cutting conditions   
Feed rate (static depth of cut) ℎ  [mm/rev] 0.05 
Cutting width 𝑎 [mm] 1.0 - 5.0 

 

Since CAR-SSV, which maintains a constant absolute acceleration rate, 

cannot be realized by existing NC commands, specially designed cutting 

experiments are conducted. The dummy turret of the CNC lathe shown in Fig. 

3.8 is utilized to control the spindle speed. The spindle speed is controlled by 

the constant peripheral speed control function in which the spindle speed 

changes according to the 𝑥 -axis position of the dummy turret. Here, the 

dummy turret is moved in accordance with previously prepared commands so 

that |𝑟 | is kept constant in the acceleration/deceleration section. For example, 

the spindle speed at the 𝑘-th revolution at a certain spindle rotational angle 

𝑛  [min-1] can be expressed by Eq. (3.30) using the set constant peripheral 

speed 𝑉  [m/min] and the distance from the center of the workpiece to the 

dummy turret at the 𝑘-th revolution 𝑅  [mm] for the acceleration/deceleration 

section. In order to maintain |𝑟 | as 𝑟 , the spindle speeds in two successive 

revolutions, i.e., 𝑛  and 𝑛 , should satisfy Eq. (3.3). From Eqs. (3.30) and 

(3.31), 𝑅  can be calculated by Eq. (3.32).  

𝑛
1000𝑉
2𝜋𝑅

 (3.30)

𝑛 1
𝑟

100
𝑛  (3.31)

𝑅
𝑅

1
𝑟

100

 (3.32)

The dummy turret position in each revolution are calculated by utilizing Eq. 

(3.32), and they are interpolated with constant time steps.  
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An example of the experimental signals of the spindle speed, the 

acceleration rate, the spindle acceleration, the dummy turret position (𝑥 axis), 

the tool position (𝑧 axis), and the feed rate of the tool (𝑧 axis) at 𝑛 , 1000 

min-1, 𝑇 4.0 s, and 𝑟 2.0 % are shown in Fig. 3.12. In order to calculate 

𝑟 , the spindle rotational angle is memorized in every moment, and then the 

moment of one revolution before as well as the spindle speed at that moment 

are determined. From the 𝑟  profile, |𝑟 | is stably maintained as 𝑟  in almost 

all sections except for the small overshoots near the sections where the 

acceleration direction switches. In addition, the feed rate of the tool is kept 

almost constant, and this denotes a constant static depth of cut. Every profile 

under each experimental condition is confirmed beforehand, and the 

conditions in which 𝑟  can be stably maintained constant are selected for the 

cutting experiments. Since the original thickness of the pipe, i.e., the maximum 

cutting width, is 5.0 mm, the cutting width is varied from 1.0 mm to 5.0 mm with 

increments of 0.5 mm.  
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Fig. 3.12. Example of experimental signals of CAR-SSV at 𝑛 , 1000 min-1, 𝑇

4.0 s, and 𝑟 2.0 %. 

 

3.4.5 Experimental results and discussions 

Cutting experiments are carried out to confirm the validity of the 

analytical investigations with the time-domain simulation, and the experimental 

results are described with the same order in Chapter 3. Firstly, the stability of 

CAR-SSV is evaluated based on the stability indices |𝑟 |  and 𝑁 , and the 

results are shown in Fig.3.13 under varied cutting widths: (a) 2.0 mm, (b) 3.0 

mm, (c) 4.0 mm, and (d) 5.0 mm. The blue circles represent the cutting results 

without chatter (𝑎     1.0 μm  ), and the red crosses represents the 

cutting results with chatter (1.0 μm 𝑎 ). Since the maximum cutting 

width is 5 mm because of the original thickness of the pipe, the stable 

experimental results at 5 mm mean that the actual stability limit is over 5 mm. 

|𝑟 | and 𝑁 are directly calculated from the measured spindle speed signals. 

From Fig. 3.13, the following remarks which have been found from the 

simulation are confirmed as follows:  

 

1) When 𝑁 is almost the same, the stability increases with an increase of 

|𝑟 | . Especially, when |𝑟 |  is near 4 %, chatter is stably suppressed 

under all 𝑁 even if the cutting width is set to 5.0 mm, which is 4 times 

the asymptotic stability limit of CSS. Therefore, it can be said that |𝑟 | 

is an effective stability index in CAR-SSV. 

2) When |𝑟 | is almost the same, the stability increases with an increase 

of 𝑁. For example, when |𝑟 | is almost equal to or higher than 2 % and 

𝑁  is higher than 10, chatter is stably suppressed even if the cutting 

width is set to 5.0 mm. Hence, it can be said that 𝑁 is also an effective 

stability index in CAR-SSV. 

Consequently, it is desirable to set higher |𝑟 |  and 𝑁  to achieve higher 

stability. 
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Fig. 3.13. Results of cutting experiments in CAR-SSV against stability indices |𝑟 | 

and 𝑁 under varied cutting width. 

 

Secondly, the relations between the parameters of CAR-SSV and the 

stability are investigated. The results of the cutting experiments and the time-

domain simulations are shown in Fig. 3.14. Figures 3.14(a)-3.14(f) show the 

results under varied conditions of 𝑛 ,  and 𝑇: (a) 𝑛 , 1000 min-1, 𝑇 0.5 

s, (b) 𝑛 , 1000  min-1, 𝑇 1.0  s, (c) 𝑛 , 1000  min-1, 𝑇 2.0  s, (d) 

𝑛 , 1500  min-1, 𝑇 0.5  s, (e) 𝑛 , 1500  min-1, 𝑇 1.0  s, and (f) 

𝑛 , 1500 min-1, 𝑇 2.0 s. Note that the measured spindle speed signals 

and the identified modal parameters shown in Table 3.3 are utilized in the time-

domain simulations. The horizontal and vertical axes represent the set 

acceleration rate 𝑟  and the cutting width, respectively. The blue dotted line 

with squares represents the predicted stability limit. For the predicted stability 
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limit, the cutting width where chatter occurs is searched at first, and then by 

subtracting one increment from that width, the stability limit 𝑎   [mm] is 

determined. 

Since the acceleration rate cannot be maintained nearly constant at 

𝑛 , 1500  min-1, 𝑇 2.0  s, and 𝑟 4  %, this condition is excluded. As 

shown in Fig. 3.14, it can be confirmed that the experimental results show 

higher stability than the predicted ones. This is consistent with the results of 

CSS shown in Fig. 3.11. In addition, the tendency of the stability within the 

experiments and within the simulations are consistent. The following remarks 

which have been found from the simulation are confirmed as follows:  

 

1) The higher 𝑟 , the higher the stability under the conditions with the same 

𝑛 ,   and 𝑇 . Especially, when 𝑟   is 4.0 %, the whole thickness of the 

pipe, i.e., 5 mm, which is about 3.5 times the maximum stability limit in 

CSS, is cut without chatter regardless of 𝑛 ,   and 𝑇 . Hence, it is 

desirable to set a larger 𝑟 , without exceeding the limit of the spindle 

motor load, to obtain higher stability. 

2) When 𝑟  and 𝑛 ,  are the same, the higher 𝑇, the higher the stability 

(see Figs. 3.14(a)-3.14(c) and 3.14(d)-3.14(f)). In the same manner, 

when 𝑟  and 𝑇 are the same, the higher 𝑛 , , the higher the stability 

(see Figs. 3.14(a) and 3.14(d), 3.14(b) and 3.14(e), and 3.14(c) and 

3.14(f)). As described in the analytical investigations, the reasons for 

these tendencies can be explained as follows. The larger 𝑇 and 𝑛 ,  

under the same 𝑟  , the larger |𝑟 |  and 𝑁 , and hence the stability 

becomes higher. It is experimentally verified that CAR-SSV is an 

effective solution to overcome the limitation of conventional SSV. 

3) The increase of the stability against the increase of 𝑇 becomes small 

at 𝑛 , 1500  min-1 (see Figs. 3.14(e) and 3.14(f)). The reduction 

effect of the dynamic compliance reaches a certain asymptotic value 

since the compliance is nearly constant far away from the resonance. 

Therefore, there is a limitation in the stabilizing effect from the increase 
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of 𝑇. 

 

 

Fig. 3.14. Results of cutting experiments and time-domain simulation in CAR-SSV 

against set acceleration rate 𝑟  under varied 𝑛 ,  and 𝑇. 

 

Finally, in order to verify the effectiveness of CAR-SSV focusing on its 

applicability to the actual industry, a comparison between CAR-SSV and TSSV 

is conducted considering the thermal load of the spindle. As shown in Section 

3.2, the machining efficiency against the thermal load of the spindle motor is 

compared between the two profiles. The average of the square of the spindle 

acceleration 𝐻  [rev2/s4] is utilized as a proportional value to the average 

thermal load of the spindle motor. 𝐻 is calculated from the measured spindle 

speed signal. The average spindle speed of CAR-SSV 𝑛 ,   and TSSV 
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𝑛 ,  are also calculated from the measured spindle speed signal, and they 

are utilized for the calculation of the machining efficiency, i.e., material removal 

rate (MRR), 𝑃  [mm3/min] expressed in Eq. (3.28). Figure 3.15 shows the 

results of 𝑃  against 𝐻  under varied 𝑇 ’s: (a) 𝑇 1.0  s, (b) 𝑇 2.0  s, and 

(c) 𝑇 4.0  s.  The red circles and blue triangles represent the results of 

CAR-SSV and TSSV, respectively. The stability limit is determined from the 

results shown in Fig. 3.14, and it is utilized for the calculation of 𝑃. As in the 

other experiment, the condition where the maximum thickness of the pipe (5.0 

mm) is stably cut is excluded. In addition, the conditions where the profile of 

TSSV cannot be generated due to the limitation of 𝑅𝑉𝐴 are excluded. In Fig. 

3.15, an increase of 𝐻  means an increase of the acceleration, and hence 

𝑅𝑉𝐴 of TSSV and 𝑟  of CAR-SSV take higher values with higher 𝐻. Figure 

3.16 shows examples of the experimental signals of the spindle speed, the 

acceleration rate, the vibration acceleration obtained from accelerometer, and 

the short-time Fourier transform results of the vibration acceleration for the 

profiles marked as A and B on Fig. 3.15: (a) CAR-SSV (𝑎 3.5 mm, 𝐻 39.51 

rev2/s4, 𝑛 , 1014  min-1, 𝑇 2.0  s, and 𝑟 2.0  %) and (b) TSSV (𝑎

2.5  mm, 𝐻   38.70 rev2/s4, 𝑛 , 1002  min-1, 𝑇 2.0  s, and 𝑅𝑉𝐴 0.2 ). 

From Figs. 3.15 and 3.16, the following remarks which have been found in the 

simulation are confirmed as follows. 

 

1) When 𝐻 is almost the same, the machining efficiency is increased by 

utilizing CAR-SSV under all conditions. Therefore, it is experimentally 

verified that the effectiveness of CAR-SSV is superior to that of TSSV 

considering the motor load.  

2) As shown in Fig. 3.16, although the cutting width of CAR-SSV (A of Fig. 

3.15) is 40% larger than that of TSSV (B of Fig. 3.15), the vibration 

amplitude in CAR-SSV is extremely small except for the vibration at the 

beginning of the cutting caused by the initial cutting force input. On the 

other hand, in the case of TSSV, the growth of the vibration with a 

decrease of |𝑟 |  can be observed where the acceleration direction 
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switches. From these results, it can be concluded that the superior 

chatter suppression effect of CAR-SSV is verified experimentally. 

 

 

Fig. 3.15. Experimental results of material removal rate (MRR) 𝑃 [mm3/min] 

against average of square of spindle acceleration 𝐻 [rev2/s4] under varied 𝑇: (a) 

𝑇 1.0 s, (b) 𝑇 2.0 s, and (c) 𝑇 4.0 s. 
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Fig. 3.16. Example of experimental signals of spindle speed and acceleration rate, 

corresponding vibration acceleration obtained from accelerometer, and short-time 

Fourier transform result of vibration acceleration under cutting conditions marked as 

A and B on Fig. 3.15: (a) CAR-SSV (𝑎 3.5 mm, 𝐻 39.51 rev2/s4, 𝑛 ,

1014 min-1, 𝑇 2.0 s, and 𝑟 2.0%) and (b) TSSV (𝑎 2.5 mm, 𝐻  38.70 

rev2/s4, 𝑛 , 1002 min-1, 𝑇 2.0 s, and 𝑅𝑉𝐴 0.2). 

 

3.5 Summary 

A new SSV profile, which was named CAR-SSV (SSV with constant 

acceleration rate), was proposed to overcome the limitation of the chatter 

stability improvement in conventional SSV. Since the absolute acceleration 

rate is maintained a constant, chatter suppression throughout the cutting can 

be achieved. 

Analytical investigation was conducted to reveal the potential of the 

proposed profile. Firstly, the relations between the stability limit and the 

proposed stability indices in SSSV, TSSV, and CAR-SSV were investigated, 

and the results of CAR-SSV were compared with those of SSSV and TSSV. 

From the investigation, the following remarks were found.  
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1) When |𝑟 |  and 𝑁  are the same, the stability limit of CAR-SSV is 

always equal to or higher than those of SSSV and TSSV. The larger the 

|𝑟 | and 𝑁, the larger the increase of the stability limit.  

2) When 𝑁 is the same, the stability limit increases with an increase of 

|𝑟 |. 

3) When |𝑟 | is the same, the stability limit of CAR-SSV increases with an 

increase of 𝑁 under all |𝑟 |.  

 

Secondly, the following relations between the parameters of CAR-SSV 

and the chatter stability were revealed: 

 

1) The stability increases with a higher 𝑟 , and hence it is desirable to set 

a larger 𝑟  under the imposed limitation of the spindle motor load. 

2) When 𝑟  is the same, the stability limit increases with larger 𝑛 ,  and 

𝑇 in most cases. This is because the larger 𝑇 and 𝑛 , , the larger |𝑟 | 

and 𝑁.  This denotes that CAR-SSV can be an effective solution since 

the machining efficiency increases with higher 𝑇 and 𝑛 , , i.e., higher 

stability limit (cutting width). 

3) The increase of the stability with higher 𝑛 ,  is small under a long 𝑇. 

Because the reduction effect of the dynamic compliance reaches a 

certain asymptotic value since the compliance is nearly constant far 

away from the resonance. Consequently, there is a limitation for the 

improvement of the stability with an increase of 𝑛 ,  and 𝑇. 

 

Thirdly, to verify the effectiveness of CAR-SSV considering its applicability to 

the actual industry, the machining efficiency 𝑃 , i.e., material removal rate 

(MRR), against the thermal load of the spindle motor 𝐻 was compared with 

the conventional SSV profiles. The results were summarized as follows: 

 

1) When 𝐻 is the same, 𝑃 of CAR-SSV is equal to or higher than that of 

conventional SSV in most conditions.  
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2) The increase of 𝑃 by utilizing CAR-SSV becomes larger with larger 𝐻 

and 𝑇. The larger the 𝐻 and 𝑇, the larger the fluctuation amplitude of 

𝑟  in TSSV and SSSV, and the sections become longer where |𝑟 | in 

TSSV and SSSV is smaller than |𝑟 |  in CAR-SSV. Hence, the 

stabilization effect decreases in TSSV and SSSV since a sufficient 

compliance reduction cannot be obtained.  

 

A series of experiments were carried out to confirm the relations 

between the parameters of CAR-SSV and the stability as well as to verify the 

effectiveness of CAR-SSV. Since CAR-SSV cannot be realized by existing NC 

commands, specially designed cutting experiments were conducted. 

The stability of CAR-SSV was evaluated based on the stability indices 

|𝑟 |  and 𝑁 . When 𝑁  is almost the same, the stability increases with an 

increase of |𝑟 |. Next, when |𝑟 | is almost the same, the stability increases 

with an increase of 𝑁 . Hence, it can be said that |𝑟 |  and 𝑁  are effective 

stability index. 

The experimental results showed that a higher stability can be obtained 

by setting a higher 𝑟 , and this is consistent with the results of the simulation. 

Especially, when 𝑟  is 4.0 %, the whole thickness of the pipe, which is 3.5 

times larger than the maximum stability limit in CSS, was stably cut. Next, 

when 𝑟  and 𝑛 ,  are the same, a higher stability was obtained with a higher 

𝑇. In addition, when 𝑟  and 𝑇 are the same, a higher stability was obtained 

with a higher 𝑛 , . These results were exactly the same with the analytical 

results. From these results, it was verified that a remarkable improvement of 

the machining efficiency can be realized by utilizing CAR-SSV, and CAR-SSV 

is an effective solution to overcome the limitation of conventional SSV.  

From the comparison between CAR-SSV and TSSV focusing on their 

practicality, higher machining efficiency was obtained by utilizing CAR-SSV 

under all conditions. These results indicate that the superior effectiveness of 

CAR-SSV when considering the motor thermal load was experimentally 

verified. Furthermore, although the cutting width in CAR-SSV was set 40 % 
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larger than TSSV, the vibration amplitude diminished when utilizing CAR-SSV, 

and the amplitude near the end of cutting was extremely smaller than that in 

TSSV. On the other hand, in the case of TSSV, the growth of the vibration with 

a decrease of |𝑟 |  was observed at the transitions from acceleration to 

deceleration. Therefore, it was verified that CAR-SSV can effectively suppress 

chatter throughout the cutting when 𝑟   is set larger than the critical value. 

From these results, it can be concluded that CAR-SSV is a valid solution to 

overcome the limitation of conventional SSV. 
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Chapter 4 

Proposal of ‘accelerative cutting’ for Suppression of 

Regenerative Chatter 

 

4.1  Introduction 

 

There are numerous industrial needs for short-duration plunge cutting, 

e.g. finishing of sealing, seating, and bearing surfaces. For example, the 

finishing of the sealing of a hydraulic part is shown in Fig. 4.1. Although the 

cutting time is like a few tenths of a second in these particular cutting 

processes, a large cutting width is necessary which often causes chatter. 

Especially, chatter caused by the regeneration of the previously cut surface, 

i.e. regenerative chatter, occurs in practical cutting methods, e.g. turning and 

milling, and it is the dominant factor among all chatter phenomena.  

A variety of researches have been carried out to tackle the regenerative 

chatter problem. A simple method to increase the efficiency is the selection of 

the spindle speed and cutting width where regenerative chatter is most unlikely 

to occur [75]. This method can be applied effectively in the low number lobes, 

i.e. high spindle speed or cutting speed. Other methods are such as the use 

of variable pitch/helix cutters [58, 76] and the optimization of those [33, 60] (for 

milling), use of vibration absorbers or dampers [77], etc. 

As described in Chapter 2 and 3, another method for the suppression of 

chatter is the spindle speed variation (SSV), and many works have been 

dedicated to reveal its suppression mechanism and to validate its effect both 

experimentally and analytically. The numerous simulation methods in time 

domain and frequency domain have been proposed, including the semi-

discrete time-domain simulation [78], frequency-domain simulations focusing 

on the eigenvalue [79], etc. [80,81].  
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However, it is known that SSV has an effect to some level but does not 

have a significant effect depending on the SSV conditions and vibratory 

structure [80]. Even worse, it sometimes destabilizes effective conditions in 

constant speed machining [44]. Therefore, it can be observed that there is a 

limit to the effect of SSV, and correct parameters need to be adapted to realize 

the suppression effect. 

Although conventional methods, for example variable pitch cutters, can 

be used for the targeted short-duration plunge cutting processes, there is a 

need of knowing the chatter frequency and other parameters beforehand. In 

addition, these processes have a short duration, so SSV may cause unstable 

cutting depending on the SSV parameters because of the aforementioned 

nature of SSV in Chapter 2 and 3. Specifically, the change of chatter frequency 

decreases at the transient sections from acceleration to deceleration or from 

deceleration to acceleration since the change of spindle speed decreases in 

those sections. Even CAR-SSV is utilized, those sections exist because it is 

also cyclical and continuous profile having the transient sections as shown in 

Fig. 3. 16. The time length of the transient section changes with the set SSV 

parameters, and thus the chatter can grow when the time length of this section 

is large. 

In order to increase the stability in short duration cutting by resolving the 

instability in the transient sections, a novel suppressive cutting method for 

regenerative chatter, namely ‘accelerative cutting’, is proposed. In this method, 

the spindle speed is accelerated/decelerated in a unidirectional manner so that 

the speeds in the present and previous revolutions change at every moment 

causing suppression throughout the cutting.  

In this research, the limit of SSV is explained first, and accelerative 

cutting is described focusing on the acceleration rate. Second, a time-domain 

simulation is conducted to reveal its effect against regenerative chatter. Third, 

since the proposed method cannot be realized by conventional NC functions, 

specially designed cutting experiments are carried out to validate its 

effectiveness, and the results are discussed clearly. Last, conclusions follow. 
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Fig. 4.1. Schematic of finishing process of sealing of a hydraulic part. 

 

4.2  Accelerative cutting and its advantage 
 

4.2.1 Limit of SSV 

In SSV, there are moments where the spindle speeds, or cutting speeds, 

of the present and previous revolutions do not change, hence causing chatter. 

To confirm this problem, cutting with its experimental setup shown in Fig. 4.2(a) 

is conducted with SSV on a turning center (Okuma Corp., Spaceturn 

LB3000EX). In addition to the spindle speed profile obtained from the spindle 

motor encoder and vibration acceleration signal obtained from an 

accelerometer, the acceleration rate 𝑟  , i.e. 𝑟 𝑛 /𝑛 1 , of the 

profile is shown in Fig. 4.2(b) where 𝑛  and 𝑛  are the speeds in the 

present and previous revolutions, respectively. 𝑛   is obtained by 

determining the spindle speed at the position 2𝜋 rad, or 1 rotation, before. As 

observed in the figure, there are moments where 𝑟   is near 0% when the 

accelerative direction of the spindle changes, which means ordinary constant 

speed machining is performed, i.e. there is no suppression effect. If 𝑟   is 

insufficient for suppression and it continues, chatter can grow. In this 

experiment, the tool is flexible, and plunge cutting of a brass pipe is conducted. 

It can be observed that chatter grows at moments where 𝑟  is near 0%. In 

other parts, 𝑟  is sufficient, and thus the chatter diminishes. 
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Fig. 4.2. (a) Experimental setup for SSV experiment and (b) spindle speed profile, 

acceleration rate 𝑟 , and vibration acceleration signal. 

 

4.2.2 Proposal of accelerative cutting and its advantage 

From the above results, it is observed that sections where the 

accelerative direction changes limit conventional SSV. Therefore, a novel 

method named ‘accelerative cutting’ is proposed where there are no such 

sections. In this method, the spindle speed is continuously 

accelerated/decelerated in a unidirectional manner resulting in sufficient speed 

difference between the present and previous revolutions. In addition, the 

spindle speed is controlled to keep 𝑟   constant, and hence chatter is 

suppressed in the whole cutting process. Since short-duration plunge cutting, 

e.g. cutting time of few tenths of a second, is targeted, only a small number of 

revolutions are needed. Hence, the speed range is within a few ten percent of 

the beginning speed. Therefore, the spindle is able to keep its speed within its 

limitation, and also built-up edges in low speeds and tool wear in high speeds 

will not be a problem. 

Accelerative cutting cannot be realized by conventional NC functions 

since the cutting has to end while the spindle is still accelerating. Figure 4.3 

shows the ideal machine tool motion for accelerative cutting. The spindle 
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speed is accelerated so that 𝑟   is constant, i.e. +2% in this case, and the 

cutting ends, meaning that the feed ends, when the spindle is still accelerating. 

By doing so, chatter cannot grow throughout the cutting as long as 𝑟   is 

sufficient. Note that the acceleration/deceleration profile does not always have 

to be commanded to keep 𝑟  constant, but the minimum rate throughout the 

cutting has to be larger than the critical rate for the suppression of chatter.  

 

 

Fig. 4.3. Ideal machine tool motion for accelerative cutting. 

 

4.3  Time-domain simulation of accelerate cutting 
 

4.3.1 Time-domain simulation model 

To verify the effectiveness of accelerative cutting and show evidence of 

the critical rate, time-domain simulations are conducted. A single-degree-of-

freedom (SDOF) vibratory system is assumed, which is a simplified form of the 

actual system in Fig. 4.1, but here the tool is flexible instead of the workpiece. 

The schematic illustration of the SDOF model is shown in Fig. 4.4. It is well 

known that the vibration in the previous revolution affects the present cutting. 

Hence, the uncut chip thickness ℎ 𝑡  can be formulated as follows. 
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ℎ 𝑡 ℎ 𝑧 𝜃 𝑡 2𝜋 𝑧 𝑡  (4.1)

Here, ℎ  is the static depth of cut, 𝜃 𝑡  is the angular position, and 𝑧 

is the displacement in the depth of cut direction. In order to obtain 𝜃 𝑡 , the 

spindle speed is first expressed as a function of 𝜃: 𝑛 𝜃 𝑛 1 𝑟 / , 

where 𝑟  is constant as in Fig. 4.3 and 𝑛  is the initial speed. As 𝑑𝜃/𝑑𝑡

2𝜋𝑛/60 , the differential equation 𝑑𝜃/𝑑𝑡 2𝜋𝑛 1 𝑟 / /60  is obtained 

and solved as follows: 𝜃 𝑡 2𝜋 ln 1 𝑛 𝑡 ln 1 𝑟 /60 / ln 1 𝑟 , and 

𝑛 𝑡 𝑛 / 1 𝑛 𝑡 ln 1 𝑟 /60 . 

The cutting force 𝐹 𝑡  fluctuates according to the uncut chip thickness 

as follows. 

𝐹 𝑡 𝐾 𝑏ℎ 𝑡  (4.2)

where 𝐾  is the specific cutting force in the thrust, i.e. depth of cut, direction, 

and 𝑏 is the total cutting width. The tool’s equation of motion is expressed by 

using modal parameters, and the governing equation of the SDOF system can 

be expressed as follows. 

𝑚𝑧 𝑡 𝑐𝑧 𝑡 𝑘𝑧 𝑡 𝐾 𝑏 ℎ 𝑧 𝜃 𝑡 2𝜋 𝑧 𝑡  (4.3)

Here, 𝑚, 𝑐, and 𝑘 are the modal mass, damping coefficient, and stiffness, 

respectively. In the simulation, the initial increase in the depth of cut is the only 

inputted source of displacement which can grow to chatter. Note that this depth 

of cut increases gradually in the beginning of cutting due to the nature of the 

turning process. The solution is approximated by the 4th order Runge-Kutta 

method. 𝜃 𝑡  and 𝑧 𝑡  are memorized at each calculation step, and they are 

utilized afterwards as the previous displacement 𝑧 𝜃 𝑡 2𝜋 . The utilized 

parameters are shown in Table 4.1. 
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Fig. 4.4. Schematic of SDOF model. 

 

Table 4.1. Parameters used in time-domain simulation. 

Material properties   
Specific cutting force in thrust direction MPa  711 
Modal parameters   
Mass kg  0.2266 
Damping coefficient N/ m ∙ s  44.19 
Stiffness N/m  1.118 106 

Cutting conditions   
Static depth of cut (feed rate) [mm] 0.050 

 

4.3.2 Simulation results 

First, a simple simulation is conducted to prove that there is a critical 

acceleration rate. In the simulation, the spindle speed is accelerated so that 

𝑟  decreases gradually, and the cutting width is 3.5mm. The simulation result 

is shown in Fig. 4.5. 
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Fig. 4.5. Simulated spindle speed profile, acceleration rate 𝑟 , and vibration 

displacement signal when 𝑟  changes gradually. 

  

From the displacement signal, it is observed that as 𝑟  gets near 2%, 

chatter starts to grow. In this research, the growing vibration profile until the 

cutting ends will be considered as unstable, and the diminishing profile is 

considered as stable. As observed in the figure, chatter is suppressed due to 

accelerative cutting before 𝑟  is near 2%; 𝑟  is sufficient for suppression. This 

can be explained as follows. As vibration occurs during cutting, the tool cuts 

the workpiece with the vibration with a frequency of 𝜔   left from the 

previous revolution. Since the spindle speed changes in speed variation 

methods, the time frequency of the present cutting changes, i.e. 𝜔

𝑛 /𝑛 𝜔 . The change of the time frequency causes the change of 

the amplitude of the present vibration due to the compliance of the vibratory 

structure which affects the dynamic chip thickness. Therefore, the larger the 

speed difference, the larger the stability since the compliance is smaller in 

higher frequencies considering a single dominant mode. 
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Next, another simulation is conducted to verify the effect of accelerative 

cutting. The spindle is accelerated so that the acceleration rate is constant. 

The width of cut versus 𝑟  with the critical stability is shown in Fig. 4.6, and 

the results for 𝑟  of 1% and 3.1% at the width of cut of 3mm are shown in Fig. 

4.7. The simulation is conducted with 0.1mm increments of the width of cut. 

 

 

Fig. 4.6. Critical stability of accelerative cutting. 

 

 

Fig. 4.7. Displacement signals and short time Fourier transforms of them when 

acceleration rate is (a) 1 % and (b) 3.1 % 

 

As shown in Fig.4.6, the stability greatly increases as the acceleration 

rate increases. Contrary to the stable example shown in Fig. 4.7(b), chatter 
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occurs in the example of Fig. 4.7(a) and shows that the time frequency of 

chatter changes as the spindle speed changes. For example, the time 

frequency at moment A is 1257Hz, but in the next revolution, i.e. after 0.043s 

which is roughly equal to the revolution period at that moment, the frequency 

changes to 1268Hz 1 𝑟 1257Hz, or 1268Hz 1370rpm/1357 rpm

1257Hz, at moment B. Since there are small forced vibration marks in various 

frequencies left by the initial increase of depth of cut, the vibration marks 

regenerate time to time due to the acceleration, and accordingly it virtually 

appears like it is chattering at a single frequency. Note that the period of the 

periodic chatter vibration is nonlinear to time since the revolution period is 

different at each timing, and the vibration grows against time from the initial 

vibration in various low frequencies. 

 

4.4  Experimental results and discussions 
 

4.4.1 Experimental setup and conditions 

Specially designed cutting experiments are conducted to verify the 

effectiveness of accelerative cutting. Since it cannot be realized by existing NC 

functions, a 2-turret turning center (Nakamura Tome Precision Industry Co., 

Ltd., WY-100) is utilized. The experimental setup is shown in Fig. 4.8. A dummy 

tool is used for a dummy face turning, and the spindle speed is controlled by 

the constant peripheral speed control according to the 𝑥  position of it. By 

adequately commanding the 𝑥 position of the dummy tool, the spindle speed 

can be accelerated arbitrarily. Then, a cutting tool is used for plunge turning of 

the pipe material which realizes accelerative cutting.  
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Fig. 4.8. Photograph of experimental setup 

 

An example of the spindle speed signal for 𝑟   of 2% indirectly 

commanded by the dummy tool and the position trajectory of the cutting tool 

are shown in Fig. 4.9. The spindle speed signal is obtained directly from the 

spindle motor encoder, and the 𝑧-axis position is obtained by a CMOS laser 

displacement sensor (Keyence Corp., IL-100). As can be observed, cutting 

ends while the spindle is still accelerating, and a nearly constant acceleration 

rate is sustained during cutting. Note that several tens of revolutions are cut in 

this example to validate the effect of accelerative cutting, but only several 

revolutions are usually needed in practical finishing, i.e. the speed range will 

be much smaller. 
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Fig. 4.9. Example of spindle speed signal and position trajectory. 

 

The cutting tool is flexible in this experiment, and the vibration 

acceleration of it during cutting is measured by an accelerometer (PCB Inc., 

356A01). The measured compliance of the cutting tool by a hammering test is 

shown in Fig. 4.10. Since the cross compliance due to the principal force (force 

in 𝑦 direction) affects the stability [66], the equivalent compliance is measured 

and utilized for the simulation. The modal parameters are fit to the equivalent 

compliance, and they are the same as those shown in Table 4.1. The 

experimental conditions are shown in Table 4.2. 

 

 

Fig. 4.10. Measured and fitted equivalent compliance. 
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Table 4.2. Experimental conditions for cutting experiment. 

Material properties   
Material type  Brass C2700 
Diameter [mm] 70 
Specific cutting force in principal direction [MPa] 1284 
Specific cutting force in thrust direction [MPa] 711 

Tool parameters   
Width (feed dir.)  Height (cutting dir.) [mm] 25 15 
Projection length [mm] 90 
Cutting conditions   
Static depth of cut (feed rate) [mm/rev] 0.050 

 

4.4.2 Results and discussions 

The results are shown in Fig. 4.11. ‘○’ and ‘  ’ represent stable and 

unstable machining in the experiment, respectively, and the line represents the 

critical stability obtained by the time-domain simulation with 0.1mm increments 

of the cutting width. Note that the actual spindle speed profile with the same 

start/end of cutting is used in the simulation. Concrete examples of the 

measured vibration acceleration signals are shown in Fig. 4.12 for acceleration 

rates of 1% and 3.1% at cutting width of 3mm. Note that the experimental 

asymptotic critical stability of constant speed cutting, i.e. 𝑟 0%, is 0.6mm 

and agrees well with the simulation. As observed in Fig. 4.11, accelerative 

cutting can increase the stability greatly. For example, a cutting width of about 

7 times that of constant speed can be realized when the acceleration rate is 

3.1%. In addition, the simulation and experimental results agree well, therefore 

confirming the effectiveness of accelerative cutting in both manners. As 

observed in Fig. 4.12(a), chatter grows as the cutting proceeds, which means 

that 𝑟  of 1% is insufficient. On the other hand, the increase of 𝑟  to 3.1% 

stabilizes the cutting process as shown in Fig. 4.12(b). Note that the vibration 

at the beginning of cutting is forced vibration caused by the initial increase of 

depth of cut, and it diminishes after a while. From these results, it can be 

concluded that accelerative cutting is an effective method for suppression of 

regenerative chatter in short-duration plunge cutting, and the acceleration rate 
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should be kept constant to achieve its complete effect. 

 

 

Fig. 4.11. Simulation and experimental results for accelerative cutting. 

 

 

Fig. 4.12. Acceleration signals and short time Fourier transforms of them at cutting 

width of 3 mm where acceleration rate is (a) 1.0 % and (b) 3.1 %. 

 

4.5  Summary 
 

Accelerative cutting has been proposed, and its effectiveness has been 

validated through analyses and experiments. The spindle is 
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accelerated/decelerated in a unidirectional manner; the direction of 

acceleration does not change. Thus, there is always a sufficient speed 

difference between the present and previous revolutions. The spindle is 

accelerated so that the acceleration rate 𝑟   is kept above the critical rate, 

therefore suppressing regenerative chatter. A time-domain simulation has 

been conducted, and it has proved that the stability increases drastically by 

the accelerative cutting. Specifically, 𝑟  is kept constant, and the increase of 

it causes a great increase of the critical stability. Since accelerative cutting 

cannot be realized by conventional NC functions, specially designed 

experiments have been carried out. It has been validated that stable cutting 

can be carried out at large widths of cut, e.g. 7 times larger than that of 

constant speed cutting. Therefore, it is expected that accelerative cutting can 

be utilized for short-duration plunge cutting and increase the stability 

drastically in practice.
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Chapter 5 

Real-World Data Circulation in High-Efficiency 

Cutting 

 

Here, the contributions of the thesis to Real-World Data Circulation 

(RWDC) are described. RWDC is a new academic field, and it means the 

procedures of data acquisition, analysis, and implementation to the real-world. 

Creating new values through the interactive integration of the three procedures 

is an essential objective of RWDC. In this chapter, the author’s researches are 

introduced and interpreted in terms of the RWDC. Particularly, the kinds of 

data utilized, detailed description of data circulation, social value of data 

circulation, and imagined future RWDC of researches in the thesis are mainly 

described. 

 

5.1  Real-World Data and its measurement in High-

Efficiency Cutting 

 

Extensive data exist in the real-world, and it is a critical issue to acquire 

data being needed from them with a proper measurement method. With 

advances in the availability and affordability of sensors and data acquisition 

systems in manufacturing sites, effective and appropriate data 

selection/acquisition according to the purpose is important. In the thesis, many 

kinds of data measurements were carried out to figure out the chatter growth 

phenomena in cutting with SSV and suppress it. Data acquisition was 

conducted before/during/after the cutting experiments for different purposes. 

Then, the acquired data were analyzed by various methods such as Fast 

Fourier transform, numerical calculations, and introduction to the simulator. 

Through these processes, it was possible to verify the reason for the chatter 
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problem of SSV and propose new speed variation techniques for the 

improvement of machining efficiency. The detailed description of the data 

sources in the thesis are as follows:  

 

 Vibration 

Several types of machine tool vibrations occur during the cutting process 

such as forced vibration and self-excited vibrations from the interaction of the 

cutting forces and structural dynamics of the machine tool. Since these 

vibrations cause poor cut surface quality, damage to the cutting tools, and loss 

of productivity, it is a critical issue to suppress the vibrations during the cutting 

process. The growth mechanisms for each type of vibration are different from 

each other, and hence the suppression techniques are also various [2-3]. Both 

a comprehensive understanding of the cutting process and structural 

dynamics of the machines and appropriate methods for data acquisition of the 

cutting process and machine tools are necessary.  

The author’s thesis focused on the most commonly occurring self-excited 

vibration, i.e., regenerative chatter vibration, in the cutting process. As shown 

in Fig. 2.2, the dynamic compliance, which is the transfer function between the 

dynamic displacement of the cutting tool and the dynamic force was measured 

through the hammering test should be measured for conducting the chatter 

stability analysis. In addition, the chatter vibration during the cutting process 

with SSV was measured by an accelerometer to investigate the behavior of 

vibration as shown in Fig. 2.13. Through the short-time Fourier transform of 

measured vibration signals, the change of time-chatter frequency during 

chatter in cutting with SSV was revealed. As a result, the chatter growth 

characteristics of SSV were clarified, and the countermeasures for 

suppressing chatter vibration and improving the machining efficiency could be 

proposed. More specifically, the change of time chatter frequency induces the 

reduction of the magnitude of dynamic compliance, and it makes the vibratory 

system stable. Therefore, it is possible to increase the chatter stability by 

largely changing the chatter frequency [52, 73]. 
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 Spindle speed and thermal load of spindle motor 

Spindle speed variation techniques varies the spindle speed cyclically 

around a nominal speed, i.e., average speed. In order to change the spindle 

speed, it is necessary to change the spindle acceleration by changing the 

torque of the spindle motor. Each spindle motor has a certain limit on the 

acceleration that can be output, and if excessive acceleration is continuously 

outputted, a heat generation problem occurs in the electric spindle motor [82, 

83]. It is an important issue that minimizing the heat of the electric spindle 

motor and extending the life of it.  

In author’s thesis, the new SSV profile is proposed to resolve the 

limitations of conventional SSV and improve the machining efficiency in 

Chapter 3. Considering the practicality and applicability at the manufacturing 

site, it is expected to obtain high machining efficiency under the same thermal 

load condition. In order to verify the effectiveness of the proposed SSV profile, 

the comparison with conventional SSV profiles was carried out in this criterion 

in Chapter 3. For comparing the machining efficiency, the material removal 

rate was calculated by utilizing the average spindle speed information from the 

directly measured signals of the spindle motor. Next, from the relation that the 

average of the square of the spindle acceleration is proportional to the average 

thermal load of the spindle motor, the thermal load of the spindle motor is 

calculated from the measured spindle speed. From the comparison, it was 

confirmed that the proposed SSV profile can achieve a higher machining 

efficiency, i.e., material removal rate (MRR), than the conventional SSV 

profiles under the same motor thermal load condition as shown in Fig. 3.15. 

Hence, the effectiveness of the proposed SSV profile was revealed out through 

the comparison from the measurement of spindle speed and thermal load of 

the spindle motor. Furthermore, the measured spindle speed was utilized for 

calculating the acceleration rate, which is the key parameter for suppressing 

chatter vibration with SSV. Specifically, the chatter frequency changes in 

proportion to acceleration rate, the compliance reduction effect increase with 
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a larger acceleration rate, and hence the greater chatter suppression effect 

can be obtained. In order to calculate the acceleration rate, the measured 

spindle speed was utilized to find the spindle speed before one revolution 

having the same spindle angle, and the ratio of present spindle speed to found 

previous spindle speed was calculated throughout the cutting process as 

shown in Fig. 3.16. 

 

 Cutting force 

The cutting force is essential to evaluate the cutting process because not 

only the cutting conditions but also the cutting tool and tool properties directly 

result in the cutting force fluctuations. In particular, the real-time monitoring 

techniques of the cutting force are very usefully utilized to figure out the 

stability of the cutting process and the progress of tool wear. The measurement 

of the cutting forces can be conducted by the dynamometer consisted of 

piezoelectric sensors that are clamped between two plates [84]. However, it is 

not desirable to be utilized in general manufacturing sites since the 

dynamometers are too expensive and there is often no space near the cutting 

point for their installation. In order to overcome the limitations, several studies 

have been conducted on indirect cutting force measurement [85-93]. For 

instance, the signals from the components of the machine tools such as the 

spindle drive system [86-88] and the feed drive system [89-91] have been 

utilized for estimating the cutting forces. In addition, those techniques were 

applied for monitoring the cutting process such as detection of the tool 

breakage [91] and the chatter vibration [92, 93]. 

In the author’s thesis, the cutting force measurements were carried to 

identify the specific cutting force and cutting force ratio, which utilized for 

chatter stability analysis and time-domain simulations [52, 73]. Specifically, the 

specific cutting force denotes the generating cutting force per unit cutting area 

and the cutting force ratio denotes the ratio of principal directional cutting force 

and thrust directional cutting force. As shown in Fig. 2.2, both factors affect 

chatter stability, their information is essential for stability limit analysis and 
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time-domain simulations. Accurate cutting forces measurement determines 

the accuracy of the stability limit analysis and the time-domain simulations. As 

shown in Fig. 2.11 and Fig. 4.11, the results from the stability limit analysis and 

time-domain simulations were agreed well with the experimental results, and 

it denotes the accurate cutting forces measurement in the thesis. 

 

 Tool positions  

The error between the command value and the actual tool position during 

the cutting process affects the quality of the machined surface and fluctuations 

in the cutting force. For example, in plunge cutting, the feed rate of the tool 

determines the magnitude of the static cutting force, and hence accurate 

tracking is necessary. In particular, in the cutting process where the depth of 

cut is very small, the specific cutting force increases at a smaller depth of cut, 

which is called the ‘size effect’, and therefore accurate tool trajectory is more 

important. 

In the author’s thesis, in order to investigate the effectiveness of the 

proposed techniques, i.e., new SSV profile and accelerative cutting method, 

the command value of the tool position according to the time was calculated in 

advance using a developed simulator, and then the experiments were 

performed by implementing it on a machine tool. After that, internal information 

was acquired from the machine tool and the actual tool position and the 

command position were compared to verify the followability. In case the error 

occurs in the actual tool position, there may be a difference between the 

predicted chatter stabilizing effect of the proposed techniques and the actual 

effect. Therefore, conditions with good followability were selected to determine 

the experimental conditions. Particularly, in the cutting process with the 

accelerative cutting method, it is important to keep the acceleration rate until 

the tool is separated from the workpiece after the cutting for suppressing 

chatter vibration, and hence the accurate spindle speed and the tool position 

is more critical. As shown in Fig. 3.12 and Fig. 4.9, accurate tool positions and 

feed rates during the experiments were confirmed. 
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5.2  Real-World Data Circulation in High-Efficiency Cutting 

 

In Chapter 2, to clarify the reason for the temporal chatter growth in 

cutting with SSV and to propose the novel chatter stability indices of SSV, a 

series of experiments were conducted. At first, the cutting experiments were 

conducted to investigate the chatter growth characteristics of SSV. The 

measured acceleration vibration signals from the accelerometer during the 

cutting process were analyzed by short-time Fourier transform. From the 

results, it was clarified that the time chatter frequency changes, which means 

the spatial frequency is kept constant during the chatter in SSV. It was 

understood that the change of time chatter frequency causes the change of 

the magnitude of dynamic compliance, and the chatter can grow when the 

compliance reduction is not sufficient to suppress the chatter vibration. In 

addition, the fact that the time chatter frequency changes in proportion to the 

change of spindle speed was clarified. Since the larger change of spindle 

speed results in the larger change of time chatter frequency, the greater 

compliance reduction can be obtained, and hence the greater chatter 

suppression effect can be obtained. Based on the understanding, the chatter 

stability indices of SSV were proposed. In order to verify the validity of the 

proposed stability indices, the time-domain simulator was developed. In the 

simulator, the measured and calculated dynamic compliance, specific cutting 

force, and cutting force ratio from the experiments were utilized. Next, the 

relations between the SSV parameters and the chatter stability were 

investigated by utilizing the simulator, and the results were explained based 

on the proposed stability indices. Finally, the appropriate strategies for setting 

the SSV parameters for improving the chatter stability were explained. The 

cutting experiments were carried out again in order for confirming the validity 

of the proposed stability indices and the proposed strategies for setting the 

SSV parameters. Experimental results were coincided well with the results 

from the simulator. As a result, it was concluded that the author’s 
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understanding of the temporal chatter growth in the cutting with SSV were 

proper, and the proposed chatter stability indices were effective, and hence 

the appropriate strategies for setting the SSV parameters were proposed. The 

illustration of RWDC in Chapter 2 is shown in Fig. 6.1. 

 

Fig. 6.1. Illustration of RWDC in Chapter 2.
 

In Chapter 3, the new SSV profile was proposed for improvement of 

chatter stability compared to conventional SSV. It has been found that 

conventional SSV profiles a limitation as follows: the acceleration rate always 

fluctuates in conventional SSV profile, and hence suppressing chatter in all 

sections of SSV is difficult since the magnitude of chatter suppression effect 

changes during the speed variation. Especially, the acceleration rate 

decreases in a high-speed region, and thus remarkable improvement of 
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machining efficiency cannot be realized. A novel SSV which maintains a 

constant absolute acceleration rate was proposed to overcome those limitation. 

Analytical investigation was conducted to reveal the potential of the proposed 

profile by utilizing the developed time-domain simulator. The higher stability 

was confirmed in the proposed SSV profiled under the same conditions of the 

stability indices. Moreover, the higher machining efficiency against the thermal 

load of the spindle motor in the proposed SSV profile could be achieved. For 

realizing the greater chatter suppression effect, the relations between the 

parameters of the proposed SSV profile and the chatter stability were 

investigated. A series of experiments were carried out to confirm the relations 

between the parameters of CAR-SSV and the stability as well as to verify the 

effectiveness of CAR-SSV. The experimental results were consistent with the 

results of the simulation. As a result, it was concluded that the proposed SSV 

profile is an effective solution to overcome the limitation of conventional SSV 

and it can realize higher applicability to the industry. The illustration of RWDC 

in Chapter 3 is shown in Fig. 6.2. 
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Fig. 6.2. Illustration of RWDC in Chapter 3. 

 

In Chapter 4, a novel suppressive cutting method for regenerative chatter, 

namely ‘accelerative cutting’, was proposed. When SSV is used for long-

duration cutting, the difference in spindle speed between the moments of 

present and one revolution before decreases in the sections of acceleration 

direction switches, in which the chatter suppression effect decreases in those 

sections. In the proposed accelerative cutting, the spindle speed is 

accelerated/decelerated in a unidirectional manner with a constant 

acceleration rate so that the speeds in the present and previous revolutions 

change at every moment causing suppression throughout the cutting. Since 

the limitation of spindle speed exists, the accelerative cutting can be utilized in 

short-duration cutting. However, there are numerous industrial needs for short-

duration cutting, e.g., finishing of sealing, seating, and bearing surfaces, it can 
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be said that the scope of application of this technology is still wide. The 

limitation of SSV was investigated by utilizing time-domain simulations. The 

effectiveness of the accelerative cutting was verified through the same 

analytical and experimental verification methods introduced in Chapters 2 and 

3. From the results, the increase of set acceleration rate causes a great 

increase of the stability limit. Specifically, it has been validated that stable 

cutting could be carried out at large widths of cut, e.g., 7 times larger than that 

of constant speed cutting. As a result, it was concluded that the proposed 

accelerative cutting method can be utilized for short-duration cutting and 

increase the stability drastically in practice. The illustration of RWDC in 

Chapter 4 is shown in Fig. 6.3. 

 

 

Fig. 6.3. Illustration of RWDC in Chapter 4. 
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5.3  Imagined future Real-World Data Circulation of 

researches in thesis 

 

In this section, the imagined future RWDC for wide application and 

greater contribution to the manufacturing site of the researches described in 

the thesis is introduced. As described in Section. 1.3, the integrations between 

information technologies, e.g., big data, information analytics, IoT, and 

monitoring technologies, and manufacturing technologies are encouraging the 

advent of the smart factory of Industry 4.0 [54]. Through the appropriate design 

of Cyber-Physical Systems (CPS), the physical system to take proper action 

according to a certain purpose. 

The previous studies that can show a better synergy effect by combining 

with the researches in the thesis were investigated. Spence et al. [94] 

presented CAD assisted adaptive control method for cutting process. It was 

possible to prevent the force overshoots during sudden part geometry changes 

by providing online information to the controller from the CAD model of part. 

Specifically, the maximum cutting force was predicted based on the geometric 

information obtained from the CAD of part model and cutting force model. 

Meanwhile, many kinds of methodologies to achieve the path planning of the 

cutting tool have been proposed. The most commonly utilized method is 

utilizing the recurrences of the trial-and-error cycle between the CAM data and 

real-world machining until it is competent. Unlike only geometric computational 

analysis of commercial CAM systems, Lazoglu et al. [95] introduced a new 

methodology to determine the optimum tool paths for free form surfaces. For 

optimizing the tool paths, it was included the mechanic of cutting process for 

minimizing the average cutting forces. By combining those technologies with 

the newly proposed SSV profile or accelerative cutting, it is expected that 

setting appropriated speed variation parameters can be selected based on the 

CAD/CAM and optimized tool path information and anticipated stability limit 

from speed variation techniques. The integration of virtual and on-line 
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machining process control and monitoring system was proposed [96]. In this 

research, the cutting forces were extracted from the feed and spindle drive 

motor current commands by compensating the distortion caused by the 

structural dynamics between the cutting and motor locations. By utilizing the 

techniques, it was possible to detect the tool failure and control the process 

more robustly. By integrating the real-time monitoring technologies [96-98] and 

the proposed speed variation techniques, it is expected that the condition of 

the cutting process, e.g., occurrence of chatter, excessive tool wear, and 

breakage of tool, can give real-time feedback for not only adjusting the speed 

variation parameters but also for changing the tool at the right time. Meanwhile, 

a neural network approach for predicting accurately both surface roughness 

and tool wear [99] as well as for optimizing the cutting parameters [100] were 

also studied. Specifically, as for the former, the experimental data of measured 

surface roughness and tool flank wear were utilized to train the neural network 

models, and the trained neural network models were used in predicting surface 

roughness and flank wear for various different cutting conditions [99]. As for 

the latter, the total time and cost for production, permissible range of cutting 

conditions, volume to be removed were utilized as input data, and then 

optimized cutting conditions such as spindle speed, feed rate, and depth of cut 

were outputted from the training [100]. There are tremendous data from the 

many machining tools and various types of the cutting process in the 

manufacturing sites. By utilizing those data effectively into the neural network 

models, the advanced cutting process can be realized. By incorporating the 

neural network model with the proposed technologies, it is expected that the 

more accurate speed variation parameters can be set by training to minimize 

the error between the expected stability and the actual stability. 

Imagined future RWDC of researches in the thesis is shown in Fig. 6.4. 

First, based on the CAD/CAM information and the speed variation profile/tool 

trajectory generated from the cyber system, e.g., simulator and code generator, 

the input parameters are created. Second, the input parameters are mounted 

on a Real-world system, i.e., machine tool. By utilizing the sensors and 
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monitoring technologies, outputs during the cutting process such as the 

vibration cutting forces, and internal data of machine tool are acquired. Third, 

the acquired data are analyzed based on appropriate methods, whereby the 

cutting process is evaluated. Here, the generated profiles, input/output 

parameters, machine construction, machine dynamics, evaluated cutting 

process, and the estimated stability from the cyber system are all collected 

and analyzed using big data processing technology and neural network 

models. When troubles occur in the cutting process or chatter stability is 

insufficient, the input parameters and the speed variation profile are corrected 

by using artificial intelligence to give feedback to the machine tool and 

simulator. Particularly, the simulator can quickly modify the speed variation 

parameters based on the clarified relation between the stability and the 

parameters. By iterating those series of processes, it is expected that the 

optimized parameters setting method can be automatically designed. 

Therefore, it is speculated that the future RWDC of researches in the thesis 

can make a great contribution to the manufacturing sites for achieving high-

efficiency, high-precision, low-cost, unmanned, and long tool life. 
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Fig. 6.4. Imagined future RWDC of researches in thesis 
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Chapter 6 

Conclusions 

 

For the suppression of the regenerative chatter without sacrificing the 

machining efficiency, the spindle speed variation (SSV) has been studied, 

where the speed is varied around the nominal spindle speed. This technique 

has been developed to utilize in production sites. Meanwhile, since the stability 

of SSV varies greatly depending on the SSV parameters, it is quite a 

complicated problem to determine the parameters properly. Furthermore, the 

temporal growth of chatter occurs even if SSV is applied and its reason was 

not clarified. For this problem, despite the fact that SSV is an effective 

technique, the industrial application has been limited because there is no 

simple and logical methodology to determine the parameters properly for the 

suppression of chatter and the improvement of the machining efficiency. To 

overcome these limitations and expand its applications in the industry, 

research on high-efficiency cutting with spindle speed variation is carried out 

in this thesis. The aims of this thesis are clarifying the characteristics of the 

chatter growth in SSV, proposing the chatter stability indices in SSV, proposing 

the novel spindle speed variation profile for improvement of chatter stability, 

and proposing new technology with speed variation for utilizing in the short-

duration cutting process. The main contributions and findings are summarized 

as follows: 

In Chapter 1, the various types of chatter vibrations and the chatter 

suppression techniques were introduced. The past researches related to 

spindle speed variation were briefly overviewed. Subsequently, the motivation 

and objectives of this thesis were described. The meanings and roles of the 

Real-World Data Circulation to the manufacturing sites were also introduced. 

In Chapter 2, the chatter growth characteristics in SSV were revealed, 

and the suppression effect of SSV was newly explained focusing on the 
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fluctuation of the time chatter frequency. Even when SSV is applied, the 

regenerative chatter can grow with a considerably flexible structure. It was 

found in this study that the regenerative chatter generally grows at a constant 

spatial frequency in SSV (the first chatter growth characteristic). Therefore, 

when chatter occurs, the time chatter frequency changes at the same ratio in 

which the spindle speed changes, meaning that the spatial frequency is kept 

constant, and it brings out change of the magnitude of the dynamic compliance. 

Due to the change of the magnitude, the chatter can be suppressed since the 

dynamic compliance usually reduces as the chatter frequency changes. It was 

found that the chatter is likely to grow during a period where the absolute 

acceleration rate is small in SSV (the second chatter growth characteristic). 

Based on the reduction of the compliance, the average of the absolute 

acceleration rate in one period of SSV (the first stability index) and the number 

of revolutions in a unidirectional acceleration section (the second stability 

index) were proposed as novel indices to evaluate the chatter stability in SSV. 

Through the analytical investigations with time-domain simulation, it was 

proved that the revealed chatter growth characteristics are valid. In addition, 

the relations between the stability and the proposed stability indices were 

investigated, and the results denoted the effectiveness of proposed stability 

indices. Specifically, it was observed that the influence of the first stability index 

on the chatter stability is more dominant in comparison with the second stability 

index. Therefore, it is important to set appropriate SSV parameters so that the 

average of the absolute acceleration rate in one period of SSV is larger than 

the critical value which is required for the suppression of chatter throughout 

the cutting. Next, the influence of SSV parameters to stability were clarified. 

The chatter suppression effect of TSSV and SSSV decreases in high-speed 

region, and thus remarkable improvement of machining efficiency cannot be 

realized unfortunately. A series of experiments were carried out to verify the 

validity of the revealed chatter growth characteristics in SSV and to confirm 

the effectiveness of the proposed stability indices. The experimental results 

showed same tendency with the results in the time-domain simulations.  
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In Chapter 3, a new SSV profile, which was named CAR-SSV (SSV with 

constant acceleration rate), was proposed to overcome the limitation of the 

chatter stability improvement in conventional SSV. Since the absolute 

acceleration rate is maintained a constant, chatter suppression throughout the 

cutting could be achieved. Analytical investigations were carried out to reveal 

the potential of the proposed profile. Firstly, the relations between the stability 

limit and the proposed stability indices in SSSV, TSSV, and CAR-SSV were 

investigated. From the results, the higher stability was confirmed in CAR-SSV 

under the same conditions of the stability indices. Secondly, the relations 

between the parameters of CAR-SSV and the chatter stability were revealed. 

Thirdly, the machining efficiency against the thermal load of the spindle motor 

in CAR-SSV was compared with the conventional SSV profiles to verify the 

effectiveness of CAR-SSV considering its applicability to the actual industry. 

From the results, it was confirmed that the higher machining efficiency can be 

achieved by utilizing CAR-SSV when the thermal load of the spindle motor is 

the same. A series of experiments were carried out to confirm the relations 

between the parameters of CAR-SSV and the stability as well as to verify the 

effectiveness of CAR-SSV. The experimental results were consistent with the 

results of the simulation. Therefore, CAR-SSV is an effective solution to 

overcome the limitation of conventional SSV and it denotes higher applicability 

to the industry.  

In Chapter 4, the ‘accelerative cutting’ was proposed to improve the 

chatter stability in short-duration cutting process. Due to the nature of SSV, the 

transitions from acceleration to deceleration exists regardless of the type of 

SSV. In these sections, the chatter easily grows since the absolute 

acceleration rate decreases. In accelerative cutting, the spindle is 

accelerated/decelerated in a unidirectional manner, and hence the direction of 

acceleration does not change. Thus, there is always a sufficient speed 

difference between the present and previous revolutions. In addition, the 

spindle is accelerated/decelerated so that the absolute acceleration rate is 

kept constant. Particularly, the set acceleration rate is kept above the critical 
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rate to achieve chatter suppression effect throughout the cutting. The time-

domain simulations were conducted, and it was proved that the stability 

increases drastically by the accelerative cutting. Specifically, the increase of 

the set acceleration rate realized a great increase of the critical stability. 

Cutting experiments were carried out to verify the effectiveness of the 

accelerative cutting. It was validated that the stable cutting can be conducted 

at large widths of cut, e.g., 7 times larger than that of constant speed cutting. 

Therefore, it is expected that accelerative cutting can be utilized for short-

duration plunge cutting and increase the stability drastically in practice.  

In Chapter 5, the utilized data and the applied Real-World Data 

Circulation in this thesis were described. In addition, the imagined future 

RWDC for wide application and greater contribution to the manufacturing site 

of the researches was introduced. 

Based on the researches in the thesis, the chatter growth characteristics 

in SSV and the chatter stability indices were clarified for the first time. By 

proposing the new SSV profile and the accelerative cutting, the high-efficiency 

cutting without chatter in both long-duration and short-duration cutting can be 

achieved. Hence, this study is significantly contributed to expanding the 

applicability of cutting with speed variation techniques because of clarified 

understandings of chatter in those techniques and verified high-efficiency in 

proposed techniques. 
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