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ABSTRACT 

Based on the concept of long range prediction in the context of self-tuning control theory, 

a Generalized Predictive Kinetic Energy Controller (GPKEC) suitable for applications to 

high speed maehining processes is developed. A three dimensional lumped mass model 

capable of representing both tool and workpiece dynamics in a single point turning 

operation on a lathe machine is first developed to accurately reflect their interactions in a 

machining process. Based on the linearized uncoupled one dimensional model for the 

machining dynamics and noting that feed can effectively be used to control the unstable 

machine-tool dynamics, a single-input single-output (SISO) discrete time predictive 

control law (GPKEC) is derived by minimizing the predicted incrementa! kinetic energy of 

the cutting process. The instantaneous feed is used as the control variable of this controller 

which is calculated using the feedback of instantaneous displacement of the tool tip in the 

feed direction. It is observed from the simulation results that the proposed GPKEC 

controller is capable of suppressing the unstable and marginally stable system dynamics in 

their incipient stages, even in the presence of uncertain disturbances. The GPKEC strategy 

is also found to be robust against modeling or estimation errors. 

In order to verify the simulation results, a number of experimental runs are carried out. An 

estimate of acceleration signal, instead of displacement, in the feed direction is used as 

feedback signal due to practical reasons. A servomotor, which is connected to the main 
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feed drive shaft through a high performance timing (HPT) belt, has been used to control 

the instantaneous feed of a cutting process. It is observed that there has been a good 

agreement between the experimental and simulation results. The experimental results show 

that the GPKEC strategy can effectively suppress the chatter vibration in a machining 

process. It is also observed from experimental results that the proposed controller is 

robust against overparametrization, estimation errors, uncertain inputs, system noise, and 

even against changes in the system dynamics. 
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CHAPTER! 

INTRODUcnON 

Over the past several decades, considerable improvements have been achieved in the 

perfonnances of various machining processes. Most of the current machine tools are 

designed for optimizing the process efficiency while maintaining the required surface 

quality of the finished parts. To achieve these goals, most machining systems attempt to 

maximize the material removal rate. This often causes the machining process to operate 

very close to the stability limits. In a production line, however, the operating conditions 

can vary considerably from the original design state. Moreover, additional disturbances 

can occur due to variations in individual workpiece parameters and tool conditions at a 

given instant of time. Such variations make a machining process prone to instabilities and 

this is particularly true for high speed machining of advanced materials (e.g. Ti alloys, 

Inconnel, metal matrix composites, and ceramic composites). 

Instabilities in the machining dynamics may cause violent relative vibration between tool 

and workpiece which is commonly known as chatter. The mechanism of chatter vibration 

can be classified into three categories : i) velocity dependent chatter, ii) regenerative 

chatter, and iii) mode coupling chatter. The velocity dependent type chatter, which is also 

known as Arnold type chatter, occurs due to the variation of force with cutting speed. The 

regenerative chatter occurs when the cutting force varies as a result of unevenness of the 

workpiece surface being cut. The third type of chatter vibration occurs due to coupling of 

different modes of vibration when forces acting in one direction on a machine tool 

structure cause movements in another direction, and vice versa. The underlying principle 

of all these forms of chatter can be best expressed as a closed loop feedback machine tool 
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system with machine structural dynamics in the feed forward path and the cutting process 

in the feedback path. 

Unstable machine tool vibrations can cause inferior surface quality for the finished product 

as well as higher tool wear rate leading to tool breakage. For precision parts of advanced 

materials, such instabilities often irrecoverably damage the surface quality, turning the 

finished part into scrap at a considerable expense. The instabilities such as chatter in a 

machine tool also affect the quality of the future product by increasing the tool wear rate 

and altering the precision (e.g. backlash) of the machine tool. Thus, for precision 

components made of advanced materials, it is extremely important to adequately control 

the machining process and ensure a stable operation with minimum vibrations. Also for 

general purpose machining processes, accelerated tool wear rate due to chatter vibration 

causes a need for frequent tool changes. This could mean longer machine downtimes 

leading to loss of productivity, and hence increased product cost. Also overall vibration of 

the machine tool due to chatter reduces its life span of effective operation which in the 

long run would also increase the product cost. Finally, chatter vibration causes noise 

pollution in a normal working environment which may have adverse effect on the ability of 

machine operators to work efficiently. 

Clearly there is a need to control or suppress the chatter vibration, particularly in a high 

speed machining operation in order to keep good product quality without sacrificing the 

productivity. In order to control the chatter vibration, it is necessary to know the physics 

of chatter mechanisms and the relationship of different cutting parameters with chatter 

vibration. This explains the need to establish a physics based mathematical model of 

machining dynamics which would relate different cutting variables (such as spindle speed, 
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feed, or depth of cut) with chatter instabilities. Thereafter an appropriate cutting variable 

can be chosen as a control variable which should be varied according to some control law 

through some mechanical device. 

It has been shown using a one dimensional workpiece dynamics that instability occurs 

when the cutting stifihess exceeds one half the minimum dynamic stifihess of the structure 

(rvferritt, 1965). Using Merchant's force relations, the cutting stiffhess can be related to 

instantaneous values for feed and depth of cut (rvferchant. 1944). Therefore by changing 

the feed or depth of cut, the cutting stiffhess can be changed to a value such that the 

cutting process becomes stable. 

Any metal cutting process is essentially three dimensional. In an orthogonal turning 

operation, the tool can be assumed to have little or no motion in the direction of depth of 

cut because of very high stiffhess in that direction. By similar rationale. the workpiece can 

be assumed to have little or no motion in the direction of tool feed since the workpiece has 

higher axial stiffhess than bending stiffhess. Therefore the tool has finite motions in feed 

and vertical direction whereas the workpiece has finite motion in vertical direction and in 

the direction of depth of cut. Based on the above assumptions a three dimensional 

orthogonal turning model has been derived. The three dimensionality of the problem 

becomes apparent when both the tool and the workpiece are considered together. Because 

the tool and the workpiece are modeled separately. chatter may theoretically occur in a 

number of ways. i) The tool motion may become unstable in one or both directions. ii) The 

workpiece motion may become unstable in one or both directions. ii) Both tool and 

workpiece motion may become unstable simultaneously. 
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All three types of chatter, namely regenerative, velocity dependent, and mode coupling, 

may occur for both tool and workpiece vibrations. The tool and workpiece motion in 

vertical direction are not totally independent of each other, because the magnitude of the 

forces in that direction is same for both the tool and the workpiece. Additional information 

about chatter mechanisms can be found in chatter literature (Merritt, 1965; Welbourn and 

Smith, 1970; Tlusty, 1985). 

There are adequate theoretical foundation to support that chatter vibration can be 

controlled varying either the feed rate or the depth of cut. Earlier chatter control schemes 

have made use of variation of depth of cut to actively control the chatter vibration which 

involves moving the tool back and forth using a servohydraulic mechanism in unison with 

the workpiece surface waviness. This kind of control systems require a very high 

bandwidth servo hydraulic mechanism. As a result they tend to be more complex and very 

expensive. These control schemes also require a change in the machine configuration on 

the carriage assembly which may be undesirable in many cases. The main drawback of 

such systems is that the servo positioning loop for the tool holder is prone to become 

unstable by itself which may cause heavy damage to the machine tool. 

Use offeed rate as a control variable in chatter suppression in a machine tool has met with 

limited success. Although these systems are less complex and much less expensive than the 

active chatter controllers, they seem to be sensitive to changes in the machining dynamics 

(which is very common in most metal cutting processes), modeling errors, and external 

disturbances. In short, these controllers lack robustness. Controllers using spindle speed 

variation to suppress chatter have rather been unsuccessful principally because the exact 
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relationship between the spindle speed and chatter instabilities of a machine tool is not 

well understood. 

In the present investigation, tool and workpiece dynamics are considered separately. A 

comprehensive three dimensional mathematical model of the machining process based on 

the metal cutting physics is developed. Based on the physical model of the metal cutting 

dynamics, a long range predictive stabilizing controller is developed by minimizing the 

predicted incremental kinetic energy of a single point tlli-ning process. The proposed 

controller (Generalized Predictive Kinetic Energy Controller or GPKEC) has shown 

robustness against modeling or estimation errors, variable system dynamics, and external 

disturbances. 

A brief overview of the current status of chatter control research is described in chapter 2. 

The three dimensional multibody lumped mass model of the tool-workpiece system in a 

single point turning process is developed in chapter 3 using a Lagrangian approach. In 

chapter 4, the Generalized Predictive Kinetic Energy Controller (GPKEC) is developed in 

a systematic manner on the basis of the model developed in chapter 3. The results of 

detailed simulation of the open loop and the closed loop control system of the machining 

process using the model and GPKEC algorithm are discussed in chapter 5. Chapter 6 

discusses the experimental setup and other experimental issues. The experimental results 

based on the proposed control scheme (GPKEC) are presented in chapter 7. Finally, 

conclusions are drawn based on the simulation and experimental results and directions of 

future research on this area are discussed in chapter 8. 
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LITERATURE REVIEW 

2.1 Modeling of Machining Dynamics 
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An extensive body of literature exists on the modeling of metal cutting dynamics and its 

control. Earlier investigations involve experimental observations and theoretical 

developments on the chatter vibration of lathe tools under orthogonal cutting conditions 

(e.g. Doi and Kato, 1955; Tobias and Fishwick, 1957; Merritt, 1965). Merritt (1965) has 

developed a model for regenerative chatter using the relative displacement of the tool and 

workpiece as the independent variable. The basic model is a second order linear ordinary 

differential equation with a time lag in the feedback path. He has shown that the threshold 

of chatter instability is related with the variation in the feed velocity and speed of 

machining. However, Merritt has not taken tool dynamics and the dynamic relation 

between cutting forces and displacements into account in his model. Using transfer 

functions and gain-phase plots, he has described the borderline of stability for a machine 

tool system with single degree of freedom. 

WU (WU and Liu, 1985) has developed a two dimensional analytical model of the cutting 

process dynamics in a machining operation based only on the tool dynamics. The model is 

derived from a pseudo-static geometric configuration of the cutting process. This model 

accounts for the dynamical fluctuations of the mean friction coefficient in response to a 

variation in the relative speed on the chip-tool interface. The force functions are used to 

explain all three basic chatter mechanisms in a machining process, namely the velocity 
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dependent, the regenerative and the mode coupling type of machine tool chatter. 

However, this model does not include the workpiece dynamics. 

Marui (Marui, Kato, Hashimoto, and Yamada, 1988) has investigated the mechanism of 

chatter vibration in a spindle-workpiece system. The cutting force acting in the dynamic 

state of a lathe spindle-workpiece system is assumed to be affected by the dynamic 

variation of cutting depth, cutting velocity and rake angle. The variations of dynamic 

cutting force due to dynamic changes in the cutting velocity and rake angle are 

represented by the cutting velocity coefficient and the rake angle coefficient. It is shown 

that the chatter vibration is mainly induced by the phase lag of cutting force (primary 

chatter) and by the phase lag of chatter marks in successive cutting (regenerative chatter). 

They also concluded that the dynamic variation of the cutting velocity and the rake angle 

make the spindle-workpiece system more unstable under vibration and that the effect of 

cutting velocity variation is more remarkable than that of rake angle in both types of 

chatter. The principal drawback of this model is that this is a two dimensional model based 

on orthogonal machining. 

Another approach for modeling the dynamic cutting force has been suggested by Wu 

(1988). The model is based on the principles of cutting mechanics which takes into . 

account the fluctuation of the mean fiictional coefficient on the tool-chip interface as well 

as the variation of the shear flow stress along the primary plastic defonnation zone. This 

model has similar shortcomings as the above model. 

Ota (Ota, Kondo, and Yamada, 1989) has derived a two degree-of-freedom fonnulation 

for the machine tool chatter vibration. The stability analysis of the regenerative chatter 
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vibration of the workpiece in turning operation has been performed. The cylindrical 

workpiece is assumed to be orthogonally turned and that the workpiece is assumed a 

linear vibratory system with two degrees of freedom. The regenerative chatter is shown to 

be initially caused by a small disturbance and classifiable into disappearance, constant 

amplitude and growing amplitude by different widths of cut. Also derived are a stability 

criterion showing whether the chatter vibration disappears or grows in its amplitude is 

determined by the stability criterion. 

Moriwaki (Moriwaki and Narutaki, 1969) has predicted the theoretical borderline of 

stability against the self-excited regenerative chatter for conventional machining. The 

dynamics of machine tool structure required for the prediction are identified by applying 

the technique of system identification based on time series analysis. The necessary 

information are obtained during cutting under stable cutting condition from the small and 

random force variations and the corresponding small tool-workpiece relative displacement 

signals. The dynamics of the cutting process are estimated from the static cutting data 

based on shear plane model. Experiments are also carried out to establish model. 

Stochastic modeling of a machining process by a time series has also been pursued by 

several researchers (pandit, Subramanian, and Wu, 1975; Eman and Wu, 1980; Yang et al, 

1986; Olgac and Guttermuth, 1988). They have formulated machine tool chatter as self

excited random vibration with white noise forcing function. The formulation takes into 

account the unknown factors and random disturbances present in the cutting process when 

chatter occurs. Based on this fonnulation a procedure for modeling the machine tool 

chatter vibration using the time series of sampled observations on vibration signals has 

been developed. Time series model can be implemented on an on-line basis and have the 
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capability of following the changing parameters of the process. However, its advantage 

over the above theoretical models diminishes as higher order terms in the time series are 

necessitated to fully describe the dynamics of the cutting process. 

A predictive model for turning mechanism has been developed by Olgac (Olgac and Zhao, 

1986). They have presented a "discrete predictive model" for simulating the dynamics of 

metal cutting, specially the turning operation. Two algorithmic predictive models have 

been used: ARMA and ARIMA A comparison is made between these models. They have 

concluded that both techniques are very effective in predicting the onset of chatter 

vibration in turning operation. These models too suffer similar drawbacks of a time series 

model as described above. 

Earlier chatter control schemes have used depth of cut as the control variable. Such a 

controller, also known as active chatter controller, has been presented by Nachtigal 

(Nachtigal and Cook, 1970). The active control scheme requires an electrohydraulic 

servomechanism to drive the tool in the direction of depth of cut in order to compensate 

the waviness of the workpiece surface from previous cuts. This tends to make the control 

system relatively complex and expensive. A transfer function model similar to Merritt's has 

been used to identify the metal cutting dynamics. This method requires some a priori 

information about the structural dynamics of the machine-tool-workpiece. Moreover, the 

control scheme has to be robust in order to account for any changes in the dynamics of the 

hydraulic servomechanism. It has been noted that the servo positioning loop may become 

unstable for high loop gains which may limit the performance of the active control system. 
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Comstock et al (Comstock:, Tse, and Lemon, 1969) has also used an active control system 

to suppress the unstable tool-workpiece motion. This work is intended to improve the 

dynamic performance of the metal cutting operation. Here the servohydraulic actuator 

stroke has been employed to compensate for the static deflection of the structure. This 

control scheme has the same shortcomings of a active chatter controller as described 

above. 

Based on the observer theory, Mitchell et al (Mitchell and Harrison, 1977) has designed an 

active controller for a lathe machine to reduce the chatter tendency and forced vibration 

effects. An observer has been used to estimate the relative motion between the cutting tool 

and the workpiece. The estimated motion is then used to design a control system that 

controls the cutting tool motion to track the workpiece motion. A second order machine

tool-workpiece dynamical model has been employed to estimate the relative tool

workpiece motion. This active control system, too, as similar disadvantages as before. In 

addition, this controller is likely to be less robust than the previous counterparts, because 

there is no direct feedback of the vibration signal to the controller. Also, the estimation of 

the relative motion using observer theory may cause delay in the control action due to 

computational delay which in tum would lower the closed loop system bandwidth. 

Srinivasan (Srinivasan and Nachtigal, 1978) has investigated an off-line system 

identification technique to estimate the parameters of the cutting process models for a 

turning operation. The model for the metal cutting dynamics is basically a time series. As a 

result, a very high order model is required to accurately reflect the system dynamics. Also, 

the proposed identification technique is not suitable to implement in an on-line basis. 
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Due to the inherent limitation of the active chatter controllers, other methods of 

controlling chatter vibration have been proposed. Reduction of self-excited chatter 

vibrations of machine tools by periodic low-frequency changes in cutting speed has been 

reported by Jemielniak (Jemielniak and Widota, 1984). The analysis is based on the 

influence of the frequency of self-excited vibration on the stability of machining and 

dependence of this frequency on workpiece rotational speed. The influence of the spindle 

speed variation frequency and amplitude on chatter vibration has also been investigated. 

However, it is very difficult to develop a general controller from their experimental 

obsexvations. Moreover, changes in the amplitude and frequency of the periodic spindle 

speed variations are not always desirable in a continuous machining process. 

Elyasberg (Elyasberg and Binder, 1989) has also proposed a method of reducing self

excited machine tool vibration by periodic low-frequency changes in cutting speed. This 

controller is similar to the one described above and suffers similar drawbacks. Moreover, 

the theoretical formulation is based on inadequate evidences. 

To alleviate the difficulties associated with chatter control using spindle speed variation 

technique, several investigators (e.g. Subramanian et al, 1976; Tomizuka and Zhang, 

1988; Jun-Yi and Xiao-Kai, 1990) have attempted to control self-excited machine-tool 

chatter by independently varying the feed rate. Masory (Masory and Koren, 1985; Lin and 

Masory, 1987) has approximated the cutting process by a power law and investigated the 

effects of variable controller gains on the stability of a constant force adaptive control 

system. Chen and Chang (1989) have also investigated the effectiveness of an adaptive PI 

controller on the stability of the cutting process against nonlinear time varying gain 

perturbations. Kim and Ha (1987) has experimentally investigated the possibility of 
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suppressing machine tool chatter by a viscoelastic dynamic damper. This scheme, 

however, requires a continuous readjustment of the damper prestrain for different carriage 

locations which is very difficult to achieve in a real system. 

2.2 Predictive Control Theory 

It may be observed from the above discussion that most of the existing models for cutting 

dynamics (analytical or stochastic) involve either the workpiece vibration or the tool 

vibration, but not both. A machining process, in essence, is governed by the interactions 

between the tool and the workpiece. Both the workpiece and the tool can simultaneously 

undergo stable or unstable motions. It is important to keep in mind that the structural 

dynamics of the tool and that of the workpiece are independent of each other. 

Accordingly, controlling only the tool (or the workpiece) without any regard for the 

dynamics of the other, may not be effective in suppressing the instabilities in a cutting 

process. 

Most of the control schemes, applied to date for machining processes, also lack long range 

predictive capabilities. This may critically hinder their effectiveness in a real-time 

implementation. For example, the delay time due to the inertias of the motor armature, 

pulleys, and the spindle-chuck assembly may significantly deteriorate the performance of a 

control scheme utilizing the periodic spindle speed variation technique. Similar arguments 

also apply to feed control methods for chatter vibrations. Such difficulties, however, can 

be significantly alleviated through a predictive control scheme. A control scheme with a 

long range prediction capability can predict the state of a dynamic system at a future time 

(N-step ahead), and can take an action at the present time to reduce the future amplitude 
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of vibration, thus compensating for any delay in the system. Such predictive controllers 

can be very effective for machining processes, since the endowed foresight will allow for 

suitable control actions at the incipient stages of vibrations before the dimensional 

tolerances or the surface integrity of the workpiece are irrecoverably compromised by the 

dynamic instabilities and will avoid future growth of instabilities. 

There exist an extensive body of literature on self-adaptive long-range predictive control 

(LRPC) methods (Richalet et al, 1976; Cutler and Ramaker, 1980; De Keyser and Van 

Cauwenberghe, 1979; Ydstie, 1984; Grimble, 1984; Clarke et a1, 1987). These discrete

time LRPC techniques are based on the following strategy : i) at each "present moment" t 

the process output is forecast over a long-range time horizon (N sampling periods). This 

forecast is made implicitly or explicitly in the control algorithm and is based on a 

mathematical model of the process dynamics; ii) from the several proposed control 

scenarios, a strategy is selected which brings the predicted process output back to the 

setpoint in the "best" way according to a specific control objective; iii) the resulting 

candidate control action is then applied to the real process input but only at the present 

moment. Compared to methods based on single-step cost indices (minimum-variance and 

dead-beat type control laws), LRPC methods have been observed to be robust (Clarke et 

al, 1987; De Keyser et al, 1988) with respect to modeling errors (in order as well as 

parameters) and non-minimum phase process zeros. This is important in a practical 

application where a simple mathematical model is only an approximation of the complex 

real process. Moreover, the predictive controller, compared to a classical PID control 

scheme, reacts with a higher velocity to setpoint variations and load disturbances. As a 

result, closed-loop stability behavior of systems with dead-time is significantly improved 
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for LRPC schemes compared to PID controllers (Clarke et at, 1987; De Keyser et al, 

1988). 

In order to avoid the development of instabilities in a machining process, it is very 

important to !dentify any incipient instabilities in the process dynamics and to initiate 

control actions at the present time to obviate future instabilities. During stable operation, 

the machining parameters are normally set to maximize the productivity. It should be 

realized, however, that the machining process can become unstable in a very short time. 

This makes the predictive capability (and its prediction horizon) of the controller a crucial 

element in effectively avoiding the instability, while ensuring high productivity and desired 

surface integrity of the finished part. 

Accordingly, predictive control of a single point turning operation is the focus of the 

present work. The present paper starts with the development of a three dimensional model 

of both the tool and the workpiece dynamics to accurately reflect their interactions in a 

machining process. Lagrangian formulations based on the mechanics of orthogonal 

machining (Merchant 1944) have been used to derive the governing equations of motion 

for both the tool and the workpiece. The resulting nonlinear equations are then linearized 

about the equilibrium points (origin) for small vibrations. These linearized equations are 

then used to derive the long-range predictive control law. As a first attempt, a one 

dimensional discrete time predictive control algorithm is developed utilizing the 

incremental kinetic energy of the cutting process as the cost function. Based on the 

observations ofTomizuka and Zhang (1988), the feed is chosen as the control variable and 

the concept of long range prediction in the context of self-tuning control theory (Clarke et 

al, 1987) is extended to develop a Generalized Predictive Kinetic Energy Controller 
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(GPKEC). The control variable of this controller is calculated using the feedback of 

instantaneous displacement of the tool. 

Detailed simulations are then carried out using the proposed predictive control algorithm 

and realistic system parameters obtained from experimental observations (Dallas, 1976 ; 

Wright, 1982). This is followed by the presentation of the numerical results obtained from 

these simulations. Due to the time delay introduced by the response characteristics of the 

motor-lead screw-carriage structure of the machine tool. the predictive characteristics 

make the GPKEC controller highly desirable. The simulation results show that the 

proposed GPKEC controller is robust against modeling errors. It is also capable of 

suppressing chatter instabilities even in presence of uncertain disturbances such as material 

inhomogeneities. 
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CHAPTER 3 

MODELING OF THE METAL CUTTING DYNAMICS 

3.1 Model Building 

Based on orthogonal single point cutting theory, a three dimensional model of the cutting 

dynamics for a turning operation on a lathe is developed here. It is realized in the present 

work that the tool and the workpiece possess independent structural dynamics. The 

machining dynamics is essentially governed by their interactions and controlling only the 

tool or the workpiece without any regard for the dynamics of the other, may not be 

effective in suppressing the instabilities in a cutting process. Accordingly, both the tool 

and the workpiece motions are considered in the present work. 

Although many authors has shown that both regenerative and velocity dependent chatters 

are influenced by a change in cutting velocity and depth of cut, there has not been any 

analytical work relating the feed with the chatter instability in a machining process. In the 

present work, feed is incorporated explicitly in the model so that it can be used as a 

control variable to suppress chatter vibration. Later in the simulation it will be shown that 

independent feed control can effectively be used to control chatter in a turning operation. 

A Lagrangian approach has been used to derive the equations of motion. The tool 

workpiece system is considered as a multibody system. The tool is assumed to have three 

degrees of freedom which are represented by the tool tip coordinates (X,Y.Z). The 

workpiece is also assumed to have three degrees of freedom which are represented by the 

vertical motion of the center of the workpiece (x,y,z) and the rotating motion of the 



29 

workpiece 8w (Figure 3.1). It is assumed here that the workpiece does not have any 

motion in z-direction neither does it t.ave any rotation about x or y axes. On the otner 

hand, the tool is assumed to have no significant angular motion about any axes. Moreover, 

the tool is assumed to have very high rigidity in X-direction and its tip displacement in this 

direction is neglected. Other assumptions include : the tool is sharp, the metal cutting 

process is semi-orthogonal, the shear plane is thin, the feed rate is at least first order 

continuous. 

From 3.1, it is seen that the instantaneous feed may expressed as: 

h(t) = u(t) -zo(t)+ Z(t) = u(t) - Z(t - T",) + Z(t) (3.1) 

where u(t) is the nominal feed (mm per revolution of the workpiece), 2o(t) the tool tip 

displacement in Z direction one workpiece revolution earlier (mm), Z(t) the Z tool tip 

displacement at present time (mm), and Tm the time period for one workpiece revolution 

(sec). It should be mentioned that (X, Y,Z) are the incremental coordinates of the tool tip. 

The effect of vertical tool tip motion on the instantaneous depth of cut is considered next. 

The instantaneous depth of cut is modeled as : 

d j (t) =d +x(t) (3.2) 

where d is the nominal depth of cut and x(t) the workpiece displacement in x-direction. 

The amount by which tool tip is off from the center of the workpiece can be written as : 

~y(t) = yet) - yet) 

From figure 3.2, the modified instantaneous depth of cut can approximately be found as : 
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Figure 3.1 Physical modeling of a 3-D semi-orthogonal Turning Process. (a) Tool and 
Workpiece Coordinate system. (b) Modeling of the tool dynamics. (c) Modeling of the 
workpiece dynamics. (d) & (e) Chip fonnalion dynamics in depth of cut & feed directions. 
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(a) 

(b) 

Figure 3.2 The effect of vertical tip motion on depth of cut. 



dmi(t)=R-[(Y- y)2 +(R-d;)2]~ 

=R-(R-d;)[l+(R~d. )2]i 
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2 (R-d;) 
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(3.3) 

Therefore, for small vertical motion of the tool tip, the instantaneous depth of cut does not 

vary that much. 

In Lagrangian approach, we first find the kinetic and potential energies as well as the non 

conservative generalized forces of each of the bodies of the multibody system and then use 

the Euler-Lagrange equations to find the equations of motion for the multibody system. 

Since there are no nonholonomic constraints associated with any of the coordinates of the 

system, we need not use the Lagrange multipliers. The kinetic and potential energies of the 

tool and the workpiece are given by 

(3.4) 

The non conservative forces are given by 



Q"",'=-C"",x+F"", 

0" = -CwyY + F wy 

Q..."'=F...,, 

o '=F (R- d;) 
_9w wy 2 

QeY '= -CeYY + F;y 

Qa '=-cat +Fa 

Now the total kinetic and potential energies are written as : 

T=T..,+I; 

V = V.., +¥: 

The Lagrangian is defined as 

L=T-V 

Now the equations of motion are given by the Lagrange's equation: 

daL aL ,. 
dt(aq;)-dq; =Q; ,1=WX,wy,wz,ew,tY,tZ 

(3.5) 

(3.6) 

Applying the above equation, we obtain the following set of equations of motion : 

m..,x+K"",x=-C"",x+F"", 

m..,Y + Kwyy + m..,g = -CwyY + F wy 

.. d. 
1_8 =F (R--') 

- WI wy 2 

m/ + KtyY +meg=-CtyY + F;y 

me (Z + ii) + KaZ = -cat + Fa 

(3.7) 
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Since we are more concerned about the relative motion between the tool and workpiece 

(which contribute to chatter vibration of the tool), the dynamical equations of the tool

workpiece system in tenns of the relative motions can be obtained from the above 

equations. Since the X-component of the tool motion and the z-component of the 
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workpiece motion are absent in (3.7), x and Z displacements represent the relative 

displacements between the tool and the workpiece in those directions. Only the relative 

motion in the vertical direction has to be found by solving the equations of motion for y 

and Yin (3.7). Therefore the relative motion between tool and workpiece is given by : 

mwx+C_i+K_x=F_ 

mwY + C-..yY + K-..yY + mwg = F-..y 

mtt + Cly }' + KrrY + mtg = F;y 

ml (2 + ii) + cat + KaZ = Fa 
.. d 

I=8w =F-..y(R-t) 

(3.8) 

In order to find the force relations, it is needed to look at the mechanisms of semi

orthogonal metal cutting process. The semi-orthogonality of the cutting dynamics is 

introduced because even though the tool and workpiece axes are mutually perpendicular 

and the tool geometry is orthogonal, due to a continuous feed motion of the tool the shear 

plane becomes three dimensional. As a result a three dimensional resultant cutting force R 

acts between tool and workpiece. If the angle between the shear plane and the Z axis is 'Y, 

then the components ofR in x, y and Z directions are given by the following equations: 

F" = R.Siny.Sino 
Fy = R.Siny.Coso 

F: =R.Cosy 

Now R can be approximately expressed as a function of shear stress, feed and depth of 

cut and cutting parameters as follows (illustration in figure 3.3) : 

R= -r./;.dj 

Siny. Simp. Cos(¢ + 0) 
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Figure 3.3 Mechanics of semi -orthogonal metal cutting. 

35 



36 

Here it was assumed that the angle between the shear plane and the resultant force is (<j>+~ 

-a) which is reasonable if the angle between shear plane and x-y plane i.e. (90-'Y) is small. 

The angle (90-'Y) will depend on primarily on feed and also on the depth of cut and the 

cutting speed. The following relation is proposed for (90-'Y) : 

(3.9) 

where fis the nominal feed in mm1rev, and d the depth of cut in mrn. Therefore the cutting 

forces are expressed as : 

F = -r . ./;.dj SinD 
% Simp. Cos( q, + D) 

F = -r . ./;.dj COSD 
Y Sinq,. Cos( tP + D) 

F -r . ./;.dj C .= my 
• Siny. Sinq,. Cos( q, + D) 

where 0 can be expressed as (~a) in an orthogonal cutting condition. 

The forces appearing in equations (3.7) and (3.8) can then be expressed in tenns of the 

tool and workpiece parameters as follows : 

F_ . 7Sin(J3- ~) (u(t)+Z(t)- Z(t- T",»(d+x(t» = -~(u(t)+ Z(t)-Z(t- T",»(d +x(t» 
SmcfCos( tfJ+ - a) 

Fwy= . 'tCos(J3-;) (u(t)+Z(t)-Z(t-T",»(d+x(t»=A (u(t)+Z(t)-Z(t-T",»(d+x(t» 
SmcfCos(tfJ+ - a) lry 

F,r . 'tCos(J3-;) (u(t)+Z(t)-Z(t- T",»(d+x(t» = -Aty(u(t)+ Z(t)-Z(t- T",»(d+x(t» 
SmcfCos( tfJ+ - a) 

Fa . . "C.CoS"{ (u(t)+ Z(t)- 2(t- T",»(d +x(/»=-AtZ(u(/)+Z(/)-Z(/- T",»(d +x(t» 
Smy.Sml/J.Cos(I/J+/3-a) 

(3.10) 

where Awx, Awy, Aty, and AtZ are functions of tool and workpiece parameters. 
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The final form the dynamic model of the turning process dynamics may now be expressed 

as : 

mwi + C_x + K_x = -Awx[(u(t) + Z(t) - Z(t - Tm))(d + x(t))] 

mwY + CwyY + KwyY + m",g = Awy[(u(t) + Z(t) - Z(t - Tm))(d + x(t))] 

m/ + CtrY + Ktyy + mtg = -Aty[(u(t) + Z(t) - Z(t - T",))(d + x(t))] (3.11) 

mtt + CtZt + KtZZ = -AtZ[(u(t) + Z(t) - Z(t - T",))(d + x(t))] -mJi(t) 

- d 1_8 =F (R--') 
- w wy 2 

3.2 Simplification of the Model 

The model (3.11) is three dimensional and has nonlinear terms on the right hand side. 

These nonlinear terms can be approximated as linear function if the instantaneous 

displacements are assumed to be small. The last equation in (3.11) does not really 

represent any dynamics of the system and hence it is dropped. Dropping the product terms 

between the instantaneous displacements, the three dimensional model can be simplified as 

mwi+ C_x+K_x = -Awx[d.u(t)+d(Z(t) -Z(t - Tm)) + x(t).u(t)] 

mwY+ CwyY+ Kwyy+mwg = Awy[d.u(t)+d(Z(t)-Z(t - Tm))+x(t).u(t)] 

mtY +CtrY + KtrY +mtg = -Aty[d.u(t)+d(Z(t)- Z(t - T",)) +x(t).u(t)] 

mtt +CtZt + KtZZ = -AtZ[d.u(t)+d(Z(t) -Z(t - Tm)) + x(t).u(t)]-mtu(t) 

(3.12) 

For a given cutting speed and depth of cut in turning operations, the feed (nun/rev) can be 

varied within certain bounds. Nachtigal and Cook (1970) have observed that due to the 

high ratio of workpiece natural frequency to the cutting speed, a small variation in the 
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cutting speed does not significantly alter the system stability. This fact can be easily 

utilized to compensate for the decrease in material removal rate due to a decrease in feed 

by increasing the cutting speed. Cuppan (1976) has also observed that at times a cutting 

operation can be stabilized by increasing the ~eed. Thus, the feed can be utilized as an 

effective control parameter. 

The equations of motion (3.12) contain nonlinear terms on the right hand side. These 

nonlinear terms can be approximated as linear functions if the instantaneous displacements 

are assumed to be small. The last equation in (3.12) does not significantly affect cutting 

dynamics and may be dropped for simplicity. 

In the present work, a causal controller is desired. This may be achieved by identifying the 

control variable u(t) as the feed and varying u(t) piecewise linearly so that u(t) = o. The 

gravity terms have negligible effects on the cutting dynamics and may be dropped from 

equation (3.12). The nonlinear term x(t).u(t) in (3.12) is also relatively smaller than other 

terms on the right hand side and may be neglected. This also allows for the realization of a 

transfer function matrix for the cutting dynamics. The linearized equations of motion 

(3.12) can be rewritten as : 

m",i+C..:x+ K..:x = -Awx[d.u(t)+d.(Z(t)-Z(t- T",))] 

m",J+C.."Y+ K.."y = Awy[d.u(t)+d.(Z(t) -Z(t - Tm))] 

m/ +C1yY +K1yY = -Aty[d.u(t)+d.(Z(t)-Z(t- Tm))] 

mtt +CaZ +KaZ = -AtZ[d.u(t)+d.(Z(t)- Z(t - Tm))] 

(3.13) 

To get an insight into the development of a predictive controller, a simplified one 

dimensional model of cutting dynamics is considered. Experimental observations show 
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that the dominant mode of chatter vibration in a single point operation occurs in the feed 

direction (Z-direction). Also in (3.13), the last equation representing tool motion in the 

feed direction is independent of other modes of tool and workpiece vibrations. Therefore 

this equation is found to be appropriate to derive the predictive controller. Accordingly, 

only the tool motion in the feed direction is controlled. It should be emphasized, however, 

that the complete three dimensional cutting dynamics (3.13) is incorporated in modeling 

the plant. Accordingly, the present investigation will depict the effects of tool feed control 

on the dynamic behavior of the workpiece. Assuming that the dynamic characteristics of 

the tool is the same in Yand Z direction, tool motion in Y direction will also be controlled. 

The metal cutting dynamics in the feed direction is then written as : 

mtl + cat + KaZ = -A,Ju(t) - Z(t - T".) + Z(t)]d (3.14) 

where A,z is given by 
A = 'r.Cosy 

IX Sinr.SincfJ.CoS(cfJ+ /3- ex) 

Equation (3.14) can be rewritten as : 

mtl(t) + cat(t) + (Ka + Aad)Z(t) - AadZ(t - T
"
.) = - Aadu(t) (3.15) 

Taking the Laplace transformation, the continuous time transfer function for the cutting 

process in the feed direction can be expressed as : 

G(s) = Z(s) = -AtZd 

u(s) mts
2 + Cas + (KtZ +AtZd)-AtZde-T 

.. 

(3.16) 

Using the impulse invariance method, a discretized transfer function Gt(z) can also be 

obtained. A block diagram representation of such a transfer function is shown in Figure 

3.4. The discrete-time closed-loop transfer function Gt(z) in Figure 3.4 can be expressed 

as : 



Feed, U(s)---~ Gm{S) ~-.--------l~ Z(s) 

(a) 

Feed, U(z) Gm(Z) I----,--~ Z(z) 

I Delay, T m!I·!<III~I--1 

(b) 

Figure 3.4 Discretization of the dynamic model for a single point 

process. (a) Continuous time model. (b) Discretized version. 
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G(z) = Z(z) = az-
I 

u(z) l+bz-1 +CZ-2 -az-{p+I) 
(3.17) 

and the discretized version of the governing equation ( difference equations) may be 

obtained as : 

Z(k)+bZ(k-l)+cZ(k-2)-aZ(k- p-l) =au(k-l) 

where, the parameters a, b, and c are : 
~T 

a 
TAr:de 2"., Sin(roD 

Ss...T 
b = -2e 2m, Cos(roD,and 

-StT 

c=e m, 

where CtJ = ~(K£ + Aqd) 
m, 

C 2 
....=...!l-..-

4m/ 

(3.18) 

(3.19) 

To obtain G((z), the continuous time transfer function G((s) is sampled with a sampling 

period T such that the sampling frequency is at least twice as much as the highest natural 

frequency in G((s). T is chosen such that the ratio T", is an integer,p. This will ensure the 
T 

same overlap delay in both continuous time and discrete time models. 

During a turning process, the transfer function of the tool workpiece system changes due 

to changing tool position with respect to the workpiece. Hence, an on-line identification 

technique is desirable. To this end, a Recursive Least Squares (RLS) technique, which is 

very suitable for on-line applications, is adopted in the present work to identify the system 

at regular time intervals without significantly increasing the cost. 
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CHAPTER 4 

GENERALIZED PREDICTIVE KINETIC ENERGY CONTROLLER 

Most of the control strategies currently used for machining processes, as stated in chapter 

2, lack robustness against errors in system parameter estimation, model 

overparametrization, changes in system dynamics, uncertain disturbance inputs, unknown 

dead times, etc .. Ideally, a controller that would overcome all these deficiencies is desired 

for a machining process where a!l the above conditions are possible. Also, most 

conventional controllers attempt to suppress chatter instabilities only after they are fully 

developed. In many cases, particularly for precision machining, the value of control is 

largely lost if incipient instabilities are allowed to develop beyond a certain small 

threshold. A long term predictive capability is warranted if the surface quality and integrity 

of the finished part as well as the tool life should be preseIVed in spite of disturbances that 

may lead to process instabilities. Also, most of the conventional controller models are non

adaptive and therefore are not capable of controlling the chatter vibration for all cutting 

conditions. An adaptive self-tuning controller may be more appropriate to account for 

changes in system dynamics in a machining process. 

A class of predictive self-tuning controllers, known as Generalized Predictive Controller 

(GPC) (Clarke, 1987), have shown robustness against unstable plants, non-minimum

phase plants, model overparametrization, and uncertain process dead time. These 

controllers have also been observed to provide offset free behavior for the closed loop 

system since they include an integral action. These set of controllers have been very 

successful in regulator or tracking type control applications. But they are incapable of 

controlling vibration such as chatter in a machining process. 
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In the context of machining processes, the predictive feature is very important. If the 

future (j steps ahead of time) relative displacement and velocity between the tool and the 

workpiece can be predicted accurately, necessary control action can be initiated at the 

present time to prevent any possible future development of instability or chatter. Since j is 

a design variable, a value for j may be chosen such that the control action can be 

computed and applied in real time. However, unlike position or tracking control systems, 

GPC, as proposed by Clarke et al (1987), cannot be applied to chatter instability or 

vibration control problems as mentioned above. This is because GPC requires that the 

steady state deflections along with the incremental vibrational displacements be driven to 

zero. For machining problems, this will only result in zero control actions and no material 

removal. To alleviate this problem, the future incremental kinetic energy of the cutting 

process in the feed direction is used as a cost function and a Generalized Predictive 

Kinetic Energy Controller (GPKEC) is developed in the present work. This will, unlike 

GPC, result in a reduction of the vibrational amplitude without having to drive the steady 

state deflections to zero. The choice of vibrational kinetic energy of the machining process 

as the cost function also assures stability (according to Lyapunov's stability criteria) of the 

controlled machining system. 

In the present work, a comprehensive model for machine tool chatter vibration in a turning 

process has been developed which explicitly includes feed as the control variable. An on

line Recursive Least Squares (RLS) identification technique can be used to identify the 

dynamics of machine tool chatter vibration in the turning process. The proposed predictive 

controller, Generalized Predictive Kinetic Energy Controller (GPKEC), is developed in 

this chapter. The predictive nature of GPKEC algorithm comes from the use of the 
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Diophantine equation. Through the use of Diophantine equation, the output of the plant is 

predicted j-step ahead of present time. This predicted output is then used to compute the 

future control sequence. 

A more general form of the dynamic model of the machining process in the tool feed 

direction (3.18) ca."} be written as : 

(4.1) 

where A( q-l) and B( q-l) are polynomials of order na and nb respectively in backward shift 

operator in time, q-l. A(q-l) and B(q-l) have the following forms: 

However, equation (4.1) is of theoretical interest since most real world processes are 

invariably associated with a disturbance (noise) component in the system output. For many 

industrial applications, the disturbances are non-stationary. In practice, two principal 

disturbances are encountered : random steps occurring at random times (for example, 

changes in material quality) and Brownian motion (found in plants relying on energy 

balance). Inclusion of this kind of noise (which is appropriate for a machining process) 

into the model can best be described as a Controlled Auto-Regressive Integrated Moving 

Average (CARIMA) model: 

A(q-I )Z(t) = B(q-I )u(t - 1) + l1(t) 
~ 

(4.2) 

where n(t) is an uncorrelated random disturbance signal, and ~ = 1-q-I . Equation (4.2) 

can be rewritten as : 
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A( q -I )AZ(t) = B( q-I )&I(t - 1) + net) (4.3) 

In discrete time, the velocity of the tool tip in a machining process can be written as a 

backward difference or forward difference of displacements: 

() 
Z(t) - Z(t - 1) 

v t = , or 
T 

vet) = Z(t + 1) - Z(t) 
T 

where T is the sampling period. Since the tool tip displacement Z(t) is usually measured by 

a sensor before it can be available to controller, the velocity using the forward difference 

method is not realistic because of the future displacement term Z(t+1). Moreover, the 

forward difference velocity term may give rise to stability problems since Z(t+1) has to be 

predicted before the discrete velocity is calculated. Therefore, the velocity expression 

obtained using backward difference method is used to find the kinetic energy of vibration. 

If the sampling period remains constant, the tool tip velocity is proportional to the 

backward difference of the relative displacements. The future kinetic energy of vibration is 

then represented by following cost function: 
N. 

J(N1,N2 )= !rZ(t+ j)-Z(t+ j_1)]2 (4.4) 

where N I is the minimum prediction horizon and N2 is the maximum prediction horizon. 

Typically, NI = 1, and N2 = N, where N is a positive integer. N is known as the prediction 

horizon of the system output. It is evident from the above equation that J(NI,N2) is sum of 

all future incremental kinetic energies of the tool tip starting at NI time step ahead upto N2 

time step ahead. It is also noticed that no constraint has been put on the minimization of 

J(NI,N2). However, this unconstrained minimization of the vibrational kinetic energy may 

lead to undesirably high value for the control variable (in this case, feed) since there is no 

constraint on the steady state feed kinetic energy. To avoid this problem, a weighted 
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future steady state feed kinetic energy is added to the cost function. By minimizing the 

cost function, the future vibrational kinetic energy of the tool tip is minimized thereby 

reducing the chatter vibration of the tool tip (and chatter vibration of the machining 

process as a whole in most cases) and depending on the weighting function, the future 

steady state feed kinetic energy is also minimized to some extent. The conditional 

minimization of the future feed energy works like an internal constraint imposed on the 

control variable (feed). A suitable value of the weighting function would result in a 

desirable level of the control signal output from GPKEC algorithm. The expression 

proportional to the future feed kinetic energy can be written in terms of the backward 

difference of control feed : 

Feed_KE=[u(t+ j-1)-u(t+ j_2)]2 =L\u(t+ j_1)2 

Including the above expression and a weighting factor in the original cost function (4.4), 

the following cost function representing the future kinetic energy of vibration is obtained: 
N 

J(N) = L ([Z(t + j) - Z(t + j - 1)]2 + AU). L\u(t + j _1)2} (4.5) 
j=1 

where, 'J...(j) is the weighting sequence for the future feed kinetic energy. No external 

constraint is imposed on the minimization ofJ(N). 

In order to make a prediction of the future output of the machining process, the 

Diophantine identity is used to derive thej-step ahead predictor of t::Z(t + j). 

(4.6) 

where Ej &0 are uniquely defined polynomials for a given A(q-I) and the prediction 

interval}. It can be shown that equation (4.6) will have a unique solution only if the degree 
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of the polynomial Ej(q-I) is 0-1). Therefore the degree of ~(q-I) is one less than the 

degree of A(q-I). 

Multiplying both sides of equation (4.3) by Ej!lqj, we obtain: 

Ej(q-I)A(q-I)~(t+ j) = Ej(q-I)B(q-l)llu(t + j-I) + Ej(q-I)n(t + j) (4.7) 

From equation (4.6) we have, 

E/q-I)A(q-l) = l-q-J Fj(q-I) (4.8) 

Substituting (4.8) in (4.7) we have, 

~(t+ j)=Ej(q-I)B(q-I)&J(t + j-I)+~(q-I)~(t)+Ej(q-l)n(t+ j) (4.9) 

Since Ej(q-I) has a degree (j-1), the noise components are all in the future in equation 

(4.9). This future noise sequence is unknown and cannot be predicted. Accordingly, the 

optimal predictor of the output Z(t+j) with known output data upto time t and any given 

sequence ofu(t) upto time (t+j-1) can be predicted as: 

Ai(t + j) = Gj(q-I)D.U(t + j -I) + Fj(q-I)Z(t) (4.10) 

where, Gj (q-I) = Ej (q-I )B(q-I) . If B(q-1) has a degree ofnb and the maximum value of 

j (the prediction horizon) is N, then the degree of the polynomial Gj (q-I) is given by 

ng = j + nb - 1, j = 1,2, .... , N . (4.11) 

One problem associated with the prediction of ~(t+ j) is that Ej&~ in equation (4.6) 

have to be solved numerically for the whole range of j which may become computationally 
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expensive. Alternatively Ej &0 can be calculated recursively in a very effective way. In 

the present work, the recursive technique similar to that suggested by Clarke et al (1987) 

has been used to obtain E j &0 in equation (4.11). This makes the procedure 

computationally very efficient. It has been shown that with increasing j only the coefficient 

of the highest order term in Ej +1 (q-I) changes while the rest of the coefficients remain the 

same as in E j (q -I ). Therefore, we can write 

E j+1 (q-I) = Ej(q-I) +e}q-j 

where, 

Ej(q-I) = eo +e1q-I+ ...... +ej_Iq-Ci-I) 

(4.12) 

If the degree of polynomial A(q-I) is na, then the degree of ~(q-I) becomes (na-i). 

The coefficients of the polynomial Fj (q-I) may then be denoted as : 

F ( -I) - / / -I / -(na-I) 
j q - j.O + j.lq + ....... + j.na-Iq 

The recursion equations may then be obtained as : 

e· =/·0 } }. 

/j+lj = /jj+1 -ai+1ej 

i = O,l, ... na-l. 

(4.13) 

(4.14) 

It should be noted that ~ is the last coefficient of the polynomial E j +1 (q-I). The initial 

values of Ej & 0 for}=J can be found from (4.6) and Ej & 0 for higher values of} can 

be obtained recursively using equations (4.12-4.14). 



Now rewriting equation (4.7) tenn by tenn, we have, 

!!.Z(t + 1) = GI&l(t) + F;!!.Z(t) +Eln(t + 1) 

!!.Z(t + 2) = G2 &l(t + 1) + F2!!.Z(t) + E2n(t + 2) 

!!.Z(t + N) = G N&l(t + N - 1) + FN!!.Z(t) + E Nn(t + N) 

and defining the following set of vectors: 

........ ..... T 
Y = [!!.Z(t + 1), !!.Z(t + 2), ....... ,!!.Z(t + N)] 

U = [L\u(t),~u(t + I), ........ ,L\u(t + N -I)f 
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(4.15) 

(4.16) 

The optimal predicted values of future outputs may be obtained by dropping the noise 

terms from equation (4.15). Denoting the past and present signals at time (t+ j) as J{t+ j) in 

equation (4.15), we get : 

J(t + 1) = [GI(q-I)- go]&I(t)+F;(t) 

J(t +2) = qf.G2(q-I)_q-lgl - go]&l(t) +;;(t) 

J(t + N) = qN-I [GN (q-I) _q-(N-I)gN_I _q-(N-2)gN_2-... -go]L\u(t) + FN(t) 

where 

G ( -I) _ -I -2 -V-I) - j -(1+1) -U+nb-I) 
j q - go + glq + g:zq +·····+gj-Iq + gj.jq + gj.j+lq +····+gj.j+nb-Iq 

(4.17) 

Therefore, equation (4.15) can be written as 



Y=GU+I 
where 

1= [J(t + l),/(t + 2),·········,/(t + N)f 

and 

go 0 0 

gl go 0 

G= g2 gl - 0 

0 

gN-I gN-2 - - go 
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(4.18) 

For the cutting process model represented by equation (4.1), nb = O. Hence, f(t+j) 

becomes FJ.5Z(t) and may be expressed as : 

F..tU.(t) 

F,.tU.(t) 

1= =F.DYP, 

FNt::Z(t) 

where (4.19) 

11.0 f..1 f..NJ-I t::Z(t) 

12.0 f2.1 12.NJ-I t::Z(t -1) 

F= ,&DYP= 

IN.O IN.I IN.NJ-I t::Z(t - na + 1) 

For the general case when nb is not equal zero, the following expression can be obtained 

forf: 
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f = F* DYP+GGP* DUP 

where (4.20) 

g2 g3 gnb+1 ~(t-l) 

g3 g4 gnb+2 ~(t-2) 

GGP= ,&DUP= 

gN+1 ·gN+2 .. .. gN+MJ ~(t-nb) 

Here GGP is an (N x nb) matrix, and DUP is an (nb x 1) vector. F and DYP are same as in 

equation (4.19). 

The cost function can then be written as : 

J(N) =(GU + f)T(GU + f)+UT.R.U (4.21) 

where R is a (j x j) diagonal matrix representing the weighting sequence A(j). Since this is 

an unconstrained minimization problem, the optimal control law can be obtained by setting 

the derivative ofJ(N) with respect to Uto be zero. 

aJ(N) = 0 
CU 

=> GT(GU + f)+RU = 0 

=> U
Opl 

= _(GT G + R)-I (GT f) 

Therefore, the predictive control law becomes: 

u(t) = u(t -1) + gu 

where, gu is the first element of Uopt . 

(4.22) 

(4.23) 

The dimension of the matrix involved in (4.22) is N x N. Although in the non-adaptive 

case the inversion need be performed only once, in a self-tuning version the computational 

load of inverting the matrix at each sample would be extremely inefficient. Moreover, if 

the wrong value for dead-time is assumed, GTG is singular and hence a finite non-zero 

value of weighting I.. would be required for a realizable control law, which is inconvenient 
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because the "correct" value for A would not be known a priori. In oruer to obtain a 

simplified control law, some of the future control actions in control vector U are assumed 

to be zero after an interval NU < N, or 

~u(t + j - 1) = 0 for j > NU. (4.24) 

The value NU is called the "control horizon". In cost function tenos, this is equivalent to 

placing effectively infinite weights on control changes after some future time. The use of 

NU < N significantly reduces the computational burden. The predicted output vector is 

then expressed as : 

Y=G1U+f 

where (4.25) 

go 0 0 

gl go 0 

G1 = 

gN-I gN-2 .. .. gN-NU 

Here G1 is a (N x NU) matrix. The corresponding predictive law is given by : 

U = -(G1 T G1 + R)-I (G
1 

T f) (4.26) 

The above predictive control law involves inversion of a matrix of dimension NU x NU. If 

NU = 1, no matrix inversion is needed to compute the control variable. However, this 

control law gives actuations which are generally smooth and sluggish. Larger values of 

NU, on the other hand, provide more active controls. 

Figure 4.1 shows a block diagram implementation of the GPKEC controller to control the 

chatter vibration of a single point turning process. The controller is placed in the feedback 

path. Basically, GPKEC algorithm calculates the change in the reference feed value based 

on the feedback signal and this control signal is then added to the nominal (reference) 
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feed. The instantaneous feed, which is the sum of the nominal feed and the control feed, is 

then sent to the machining system. The system model that should be used for this case is 

then written as (without the noise term) : 

A(q-I )Z(t) = B(q-I XRF + U(t -1» (4.27) 

where RF is the reference feed. 

Another set of predictive controller can also be derived using the predicted total 

incremental energies (sum of incremental potential and incremental kinetic energies) of the 

dynamic system as the cost function. Derivation of this kind of predictive control law is 

provided appendix A Although this predictive control law (Generalized Predictive Energy 

Function Controller or GPEFC) has not been used in the current research, future work can 

be based on the GPEFC control law. 
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Detailed simulation of the proposed GPKEC controller has been carried out for a variety 

of cutting conditions. First the cutting process dynamics is simulated without control. The 

model parameters are obtained from the experimental observations of Wright (1982), and 

Dallas (1976). The cutting dynamics may be unconditionally stable, marginally stable or 

unstable. To test the capabilities of the GPKEC controller, model parameters are selected 

so as to make the uncontrolled cutting dynamics consecutively stable, marginally stable, or 

unstable over predetermined periods of time. The effect of unstable tool vibration on the 

workpiece motion (with stable workpiece structural dynamics) and the effectiveness of 

GPKEC on such tool-workpiece vibrations are then investigated. The effects of external 

multistep disturbances (e.g. material inhomogeneity) and modeling errors on the 

performance of the proposed GPKEC controller are also investigated. 

5.1 Simulation of the Machining Dynamics without Control 

First the three dimensional dynamic model of the single point turning process (eq. 3.11 

and 3.13) is simulated without applying the GPKEC control strategy. SI units has been 

used all through the simulation process. Instantaneous relative displacements of the tool 

tip and the workpiece, and feed are expressed millimeters. In the present work, the 

workpiece material is considered to be cold worked AfSf 1040 carbon steel with Young's 

modulus (Ew) equal to 200 GPa and a shear strength (tw) of 400 MPa. The tool is made 

of HSS with Young's modulus (E,) equal to 200 GPa. The orthogonal rake angle a on the 

tool is 100 , the friction angle f3 (Wright. 1982, Dallas, 1976) between the tool and the 
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workpiece is 300 and the shear angle ¢I for the cutting process is found to be 330 (Wright, 

1982). The tool dimensions are chosen to be 10 mm x 10 mm in cross-section and 50 mm 

in length. The workpiece is 25.4 mm (D) in diameter and 200 mm long. A spindle speed of 

1500 rpm (N), which is equivalent to a linear cutting speed (f? of 475 /pm, is used. This 

translates to an. overlap delay time (T m = 601N) of 0.04 sec. As recommended by Dallas 

(1976), the nominal depth of cut is taken to be 2 mm. Modeling the tool as a cantilever 

beam, the tool spring stiffiless (KtZ) is obtained to be 4MNlm. The value of the equivalent 

mass mt of the tool and its supporting structure needs to be determined experimentally. In 

the present simulations, mt is assumed to be 4 Kg. The workpiece mass mw is assumed to 

be 8 Kg. The stifihess of the workpiece and the tool are calculated as follows: 

K = K = 3E",!", 15 MN 
"'" "" 3 • I", m 

K -K - 3E,It _4 MN 
tZ- tY- 13 -

t m 

where E'WI,I 'WI' & I", and Et,It' & It are the moduli of elasticity, area moment of inertias 

and lengths of the tool and the workpiece respectively. It should be noted, however, that 

the workpiece stiffuess changes as the tool moves in the feed direction due to the change 

in Iw' 

For the above combination of tool and workpiece materials, cutting speed, and depth of 

cut, the recommended range of feed variation is (0.1 - 0.4 mm) (Dallas, 1976). The 

nominal feed is then chosen as 0.25 mm. For a nominal feed of 0.25 mmlrev and a nominal 

depth of cut of 2 mm, y becomes 83 degrees. The force coefficients may then be obtained 

as : 
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Aw.rd 
r.d Sin(jJ - a) = -1.0E5 --= 

mw m",Sintp. Cos(rp + P - a) 

A..."d r.d C = os(j3-a) = -2.8E5 
m", m",Sinrp.Cos(rp + p - a) 

(5.1) 
Azyd r.d C (j3 = os -a) = -5.7E5 
mz mzSinrp.Cos(rp + p - a) 

Aad r.d C = osy =-7.5E4 
mt mtSiny. Sinrp. Cos(rp + p - a) 

The natural frequencies of the workpiece dynamics and the tool dynamics are calculated as 

follows. The corresponding damping factors are chosen to obtain a damping ratio 

between (0.01-0.05). 

Workpiece 

1iJ. = ~K_ = ~K"" = 433rOO /sec, 
mw m", 

C C 
~=~=2~{t)n 
m ... mw 

(5.2) 

The nonlinear dynamical model for a single turning process (3.11) is first simulated. The 

block diagram for the uncontrolled process is shown in figure 5.1. The graphical 

simulation package SIMULINK (with MATLAB interface) from Mathworks Inc. has been 

used to simulate the block diagram in figure 5.1. The simulation results are shown in 

figure 5.2. Figure 5.2a and 5.2b show the variations of the workpiece displacements in x 

and y direction with respect to time indicating that the workpiece displacements in both 

direction are marginally stable. However, variations in the tool tip displacements in Y and 
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Figure 5.1 Block diagram for the uncontrolled nonlinear dynamics of the 
single point turning process. 
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Figure 5.2 Response characteristics of the workpiece from figure 5.1. (a) Workpiece 
displacement in x-direction. (b) Workpiece displacement in y-direction. 
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Figure 5.2 (Continued) Response characteristics of the tool from figure 5.1. 
(c) Tool tip displacement in Y direction. (d) Tool tip displacement in Z direction. 
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Z directions become unstable as seen from figures 5.2c and 5.2d. One interesting point to 

note here is that the workpiece dynamics in x and y directions are same since the model 

parameters in these directions are calculated to be same. Only the de gain is different for 

these cases because of the order of difference in the cutting stifihess in these directions. 

Therefore by ~onsidering the workpiece dynamics only in x direction (depth of cut 

direction), the overall workpiece stability can be analyzed. Similar arguments apply for the 

tool dynamics in Y and Z directions. They are not independent of each other. Basically, if 

the tool dynamics become unstable in Z direction, the Y direction displacement of the tool 

would also become unstable. Therefore, only two model equations in (3.11) or (3.13) in x 

direction for workpiece and Z direction for the tool are required for the overall stability 

analysis based on multibody interaction of tool and workpiece dynamics. 

Next the linearized version of the metal cutting dynamics under consideration (3.13) is 

simulated using SIMULINK. The block diagram for the continuous time linearized 

uncontrolled model (3.13) is shown in figure 5.3. As pointed out in the previous section, 

only x direction workpiece dynamics and Z direction tool tip dynamics are needed to be 

simulated to get the overall stability picture of the tool-workpiece system in the single 

point turning process. This is reflected in the block diagram in figure 5.3 showing only 

these two dynamical blocks. The simulation results are presented in figure 5.4. For the 

particular turning process under consideration, the structural dynamics of the workpiece is 

stable. However, as shown in figure 5.4, the workpiece motion can also become unstable 

due to the coupled nature of the machining process and the unstable tool displacements. It 

is observed that the chatter frequencies for the tool and the workpiece are the same (125 

Hz). This is because the unstable mode for the workpiece occurs due to its coupling with 

tool dynamics. 



GJz) +----~x(z) 

Feed, U(z) + G
t 
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Figure 5.3 Block diagram for the discretized tool-workpiece dynamics 
based on the linearized continuous-time model. 
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Figure 5.4 Uncontrolled chatter vibration with stable workpiece dynamics. 
(a) Unstable tool vibration. (b) FFT spectra for (a). 
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Figure 5.4 (Cont'd) Uncontrolled chatter vibration with stable workpiece 
dynamics. (c) Unstable workpiece vibration initiated by the unstable tool 
motion. (d) FFT spectra for (c). 
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The discretized uncontrolled machining system involving only the tool tip dynamics in Z 

direction (3.18) is then simulated using MATLAB (Mathworks, Inc.) for three different 

cases to investigate stable, unstable and marginally stable tool vibrations. The damping 

factor is chosen to obtain a damping ratio of 0.05. The experimental value of the natural 

frequency of a machine structure for turning (Comstock et aI, 1969; Nachtigal and Cook, 

1970) is typically around 100 Hz (628 rad/sec). However, other modes of vibration with 

distinct natural frequencies may also be present at different time intervals depending on the 

tool structural dynamics. Accordingly, a natural frequency of 1000 rad/sec is chosen to 

simulate stable and marginally stable motions while a lower natural frequency of 628 

rad/sec is selected to investigate the probable instabilities in a machining process. Since a 

microcomputer will be used to control the chatter vibrations, a discrete time version is 

obtained from the continuous time model of the uncontrolled cutting process. This 

requires a sampling frequency which is at least twice as much as the highest natural 

frequency of the model (3.13). Hence, a sampling period T = 0.001 sec (which gives 

is = 9. Of..) is chosen. For the three cases involving stable, marginally stable, and unstable 

responses, the values of the discrete model parameters (3.18) are obtained as : (i) a = -

0.0592, b = -0.9703, and c = 0.9048; (ii) a = -0.0833, b = -0.9458, and c = 0.9048; and 

(iii) a = -0.0706, b = -1.4978, and c = 0.9391; respectively. A delay of Tl1t'T = 40 units is 

introduced for all cases in the feedback path. The block diagram for the one dimensional 

discrete time uncontrolled cutting process is shown in figure 5.5a. All three cases are 

simulated individually and the results are shown in figures 5.5b-d. Since the cutting 

dynamics can vary during a single pass of the tool, a simulation with consecutive 

occurrence of these three types of responses is carried out with the following sequence: 

1) (0 - 0.2) seconds - stable 

2) (0.2-0.4) seconds - unstable 
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Figure 5.5 Simulated tool vibration. (a) Block diagram of the open loop 
turning process. (b) Stable cutting condition. (c) Marginally stable cutting 
process. (d) Unstable cutting condition. 
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3) (0.4-0.6) seconds - marginally stable 

4) (0.6-0.8) seconds - unstable, and 

5) (0.8-1) seconds - marginally stable. 

The simulated uncontrolled chatter vibration is shown in figure 5.6a. It may be observed 

from the FFT spectrum in figure 5.6b that there are three distinct frequencies (100 Hz, 

120 Hz, and 175 Hz) of vibration. It should be noted that the regenerative effects due to 

overlap in the feed direction modifies the dynamic nature of the cutting process and make 

the above three distinct frequencies different from the chosen natural frequencies for the 

tool. Of these, the smallest frequency represents the unstable vibration. 

5.2 Generalized Predictive Kinetic Energy Controller (GPKEq 

The GPKEC controller (as derived in Chapter 4) is now used to simulate the controlled 

cutting dynamics. As shown in the block diagram of the controlled system (Figure 5.7), 

the controIIer is introduced in the feedback path. A saturation block is place~ immediately 

after the controIIer to ensure that the control signal for the feed does not exceed the 

recommended limits. 

The cutting parameters are chosen to expect unstable responses for both tool and the 

workpiece. The instabilities shown in figure 5.4 are now controlled using a GPKEC 

controIIer with a prediction horizon of N=5, control horizon NU=5, and control weighting 

of 1..=0. The control signal is bounded as lu(t~:s; 0.1 mmlrev. It is observed (Figures 5.8 

and 5.9) that GPKEC control offeed is capable of stabilizing the motions of both tool and 

workpiece. The response of the workpiece to the control action is slower than that of 
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Figure 5.6 Uncontrolled chatter vibration with variable cutting dynamics. 
(a) Vibrational amplitude of the tool tip. (b) FFT spectra for (a). 
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observed for the tool. This is due to the fact that controlling the feed of the tool primarily 

attempts to control the tool motion. The workpiece displacements are stabilized as a 

secondary effect of stable tool motions. In the present simulation, control actions are 

based on the tool dynamics. It is expected that the workpiece response will be much faster 

if control actions are based on the workpiece dynamics. 

As stated in chapter 3, the dominant mode of chatter vibration in a single point turning 

process is observed to be in the feed (Z) direction. The vibration in Z direction can only be 

caused by the instabilities in the tool tip dynamics (since workpiece is assumed to be very 

rigid in z direction). From this point onward, simulations are performed for the closed 

loop controlled machining process using GPKEC for controlling the tool tip vibration in 

the feed direction. Figure 5.10 shows the block diagram implementation of the controller 

for such case. 

The situation involving the variable cutting dynamics is considered next. The instabilities 

shown in figure 5.6 are now controlled using a GPKEC controller with a prediction 

horizon ofN=5, control horizon NU=5, and control weighting of A=O. The control signal 

is bounded as lu(t~ ~ 0.1 mmlrev. 

The effectiveness of the proposed GPKEC controller is now investigated for the case 

involving variable cutting dynamics. Since A is set to zero, this imposes no constraint on 

the control variable as a part of the minimization process, rather the control variable is 

mechanically bounded outside during the implementation. The simulated controlled tool 

tip motion is shown in Figure 5.11 a. It may be observed that the marginally stable as well 

as unstable dynamics of the system has been completely suppressed by the proposed 
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controller. Due to its predictive nature, the instabilities in the system never get the 

opportunity to develop. 

The control variable and the instantaneous feed for the above case are shown in figures 

5.11 b-c. It may be seen that the control variable remains constant over different time 

intervals. It is seen that the control variable reaches a very high value putting the 

instantaneous out of the recommended range for the specified cutting speed. This is 

attributed to the fact that the incremental feed energy is dropped from the cost function by 

setting ).=0. This means that no implicit constraint has been put on the control variable in 

the minimization process. It should be noted that the average value of the instantaneous 

feed for the controlled process is about 0.48 mmlrev, which is much higher than the 

nominal feed for the uncontrolled process. Thus, the GPKEC controller does not sacrifice 

the desired productivity ofa machining process. Figure 5.IId shows that chatter vibration 

is suppressed completely at all three frequencies. Figures 5.11e and 5.11f show the 

predicted and actual vibration amplitude for the controlled system. 

Since the control variable should not exceed the certain limits to keep the instantaneous 

feed value within the recommended range, simulations are carried out for a different value 

of), and the results are shown in figure 5.12. Figure 5.12a shows the controlled vibration 

of the tool tip with N=5, ),=0.01, and NU=5. As evident from the figure, both the stable 

and unstable vibration are suppressed completely. Although there are some initial 

oscillation in the controlled vibration each time the cutting process is changed, the control 

variable remains well below the recommended range. For this particular situation, the 

control variable should not exceed a value beyond the range (-0.1 to 0.1). Figure 5.12c 

shows the corresponding instantaneous feed which is also within the bounds. The 
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predicted and actual vibrational amplitude are shown in figure 5.12e and 5.12£ Figure 

5.12d shows the FFT spectra for the above situation. It can be concluded that the 

vibration is suppressed to the same extent as in figure 5.11. 

Since the computational cost of the GPKEC algorithm increases rapidly with the control 

horizon (NU), a smaller NU is computationally more efficient. Figure 5.13 shows the 

simulation results with NU=1. The prediction horizon (N) is kept at 5, and .i1. is set to 

zero. For NU=l, no matrix inversion is needed to calculate the control variable. This 

makes the case with NU=l particularly efficient. As can be seen in figure 5.l3a, although 

the steady state values for the tool tip displacements are larger than the previous case 

(NU=5) shown in figure 5.12a, the cutting vibrations are completely suppressed. In this 

case, the productivity actually increases and the average value of the instantaneous feed 

(Figures 5.13b-c) is greater than the desired nominal feed of 0.25 mmlrev. The physical 

reason behind this can be traced to the dynamic behavior of the cutting process. As 

observed by Cuppan (1976), an increase in feed may provide better support and thus 

rigidity for the cutting process. It also may provide additional damping at the tool

workpiece interface. The GPKEC controller harnesses these features and reinforces the 

observations of Cuppan (1976) that it is possible to stabilize the cutting process and 

increase the productivity through appropriate control of the instantaneous feed. Figure 

5.13d shows the Fourier spectra for this case. The suppression of vibration in this case is 

comparable to that for the case NU=5, since the magnitude of vibration at the chatter 

frequencies is almost the same for both cases. 

In a real time implementation of GPKEC to the single point process, it is very important to 

deliver the control signal to the process in synchronization with the feedback signal with 
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minimal amount of computational delay. A larger prediction horizon (N) increases the 

computational burden of the GPKEC algorithm in 2N2 fashion. Therefore, the choice of 

the prediction horizon is limited by the microprocessor speed that is being used to control 

the process. A smaller value of the prediction horizon may be more appropriate for 

controller with slower processor in order to get good vibration suppression characteristics. 

Simulations are performed for a prediction horizon N=l, and control horizon, NU=l next 

and the results are shown in figure 5.14. Also, by setting N=l, no matrix inversion is 

needed to calculate the control signal which would improve the controller performance 

due to quick delivery of the control. It is evident from figure 5.14a that even though there 

are more oscillation in the controlle.:. output, the chatter vibration is effectively suppressed 

completely. The cost of smaller N is a longer settling time for the oscillations in the 

output. Figure 5.14b shows that control variable remains well within the desired range. 

Figures 5.14c and 5.14d show the corresponding instantaneous feed and Fourier spectra 

for this case respectively. 

In a machining process, inhomogeneities and secondary phases in the workpiece material 

may cause unforeseen changes in the dynamics of the system. Such disturbances are very 

common in practice and may often lead an otherwise stable system into the unstable 

region. In the present work, this situation is simulated as a multistep disturbance input 

which is unknown to the controller. The multistep disturbance and the associated response 

of the uncontrolled system are shown, respectively, in figures 5.15a and b. Figure 5.16a 

shows the controlled response of the system using GPKEC with N=l, and NU=1 with A 

=0.01. Again the chatter vibration is suppressed significantly. As shown in Figure 5.16c, 

the GPKEC controller introduces a small increase in the average value of the 

instantaneous feed as compared to the desired nominal value. But the instantaneous feed is 
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found to be within the recommended range. The Fourier spectra for the above case, as 

shown in Figure 5.16d, shows that vibration is suppressed at all chatter frequencies. 

However, the amplitude of the residual vibration is larger in this case than previous cases. 

This can be attributed to the different steady state values of the disturbance input at 

different time intervals. 

5.3 Effect of Modeling Error on Controller Performance 

Although much care has been taken in building the model for the cutting process dynamics 

in turning operations, some of the parameters in the model may change as the cutting 

process progresses. There may be estimation errors in detennining the model parameters. 

Moreover, many cutting parameters such as the effective workpiece stiffuess may vary 

depending on the instantaneous state of the cutting process. In order to evaluate the 

performance of the proposed GPKEC controller under unknown parameter variations, 

simulation are carried out with random variations in the process parameters b and c in the 

governing dynamic equations for the cutting process (3.18). The variations are introduced 

using the following equations : 

b(i + 1} = b(i) + 0.1 * b(i) * rand(nonnal); 

c(i + 1) = c(O + 0.1 * c(i) * rand(nonnal); 
(5.3) 

The variation of the cutting process parameters are shown in figures 5. 17a-b. Figures 

5.17 c-d show the vibration characteristics of the uncontrolled cutting process with 

variation in their parameter values at every 0.02 second and the corresponding Fourier 

spectra respectively. Figure 5.17d shows the magnitude of vibration in the frequency 

domain, which is very high due to instability in the process. It is clear that the system 

becomes unstable very quickly. 



E 
E 
-5 
.t. 

0.3 

0.28 

0.26 

0.24 

0.22 

0.2 
0 

1.5 

0.2 0.4 0.6 
TIme, sec 

(c) 

Frequency, Hz 

(d) 

0.8 

Figure 5.l6 (Cont'd) (c) Instantaneous feed. (d) FFf spectra. 

88 



89 

-1.45,..------.---...------.---....------, 

-1.5 

-1.55 

-1.6 
b 
-1.65 

-1.7 

-1.75 

-1.8 0 

0.95 

c 

0.9 

o 

0.2 

0.2 

0.4 0.6 

Time, sec 

(a) 

0.4 0.6 
Time, sec 

(b) 

0.8 

0.8 

-4 

400 

300 

Q 
"t:l 

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Time, sec 

(c) 

;:l 

.~200 
<C 

::E 

100 

o 0 50 100 150200 250 300 350 400 450 500 
Frequency, Hz 

(d) 

Figure 5.17 Uncontrolled tool vibration due to variation in parameters 
band c (estimation error). (a) Changes in b. (b) Changes in c. 
(c) Tool tip displacement. (d) FFT spectra. 



90 

For the controlled system the prediction horizon N is set to 5 and the control horizon NU 

is set equal to 5. The value of A is set to 0.01. This is because, the control variable has 

been found to saturate very quickly for A = o. Hence a small value for A is used. This 

induces an inherent constraint on the control and checks for rapid variations of the control 

variable. However, a very high value of A can result in very tight constraint that in tum 

may result in no control action at all. Accordingly, care must be taken in choosing the 

value for A. Suppression of the chatter vibration is very significant as can be seen from 

Figure 5.18a. Both the stable and unstable vibration are suppressed completely. Figures 

5.18b and c show the control variable and the instantaneous feed for this case. It is 

observed that a small nonzero value of A provides a smooth controller. The performance 

of the controller can be appreciated by observing the FFT spectra for the uncontrolled and 

the controlled vibrations. It may be observed from Figure 5.18d that the magnitude of 

vibration at the chatter frequency effectively controlled to zero by the GPKEC controller. 
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CHAPTER 6 

EXPERIMENTAL CONSIDERATIONS 

6.1 Experimental Setup 

93 

Experimental verification of the simulation results of the single point turning process based 

on GPKEC strategy to control the chatter vibration is an essential part of present research. 

The experiment is done on a precision bench lathe machine located in the Integrated 

Manufacturing Lab at the University of Arizona. A brief specification of the lathe machine 

is shown in table B.1 in the appendix. The lathe has only one motor which drives the 

spindle as well as the feed drive. In order to control the feed motion, a pennanent magnet 

DC servomotor is attached to the main feed drive shaft through a high perfonnance timing 

(IE :-) belt and pulleys. Figure 6.1 shows the feed servomotor assembly with the lathe 

machine. Specifications for the EG & G servomotor is given in table B.2 in appendix B. 

The gear ratio between motor shaft and the main feed shaft is 3. The servomotor is 

connected to a servo amplifier. The servoamplifier input ports are connected to the output 

ports of the Data Acquisition Processor (DAP) which resides in a 486DX2 66 MHz mM 

compatible personal computer. The data acquisition processor board has its own 

processor which is an Intel 80186 20 MHz type. Once the control and data acquisition 

program is downloaded onto the DAP memory, it can run independently as a stand alone 

controller. Although DAP has a pretty fast sampling capability, its almost outdated ultra

slow processor is found to be a major predicament for processing the control signal. This 

will be discussed in more detail in chapter 8. A brief description of the DAP specification 

is shown in table B.3 in appendix B. 
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Figure 6.1 Servomotor feed drive assembly attached to the lathe machine. 
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The feedback signal comes from a Kistler accelerometer placed on the top of the spindle 

bearing as shown in figure 6.2. The specification for the accelerometer can be found in 

appendix B table B.4. Although in the mode~ it was assumed that the tool tip 

displacement should be used as the feedback signal, acceleration signal was found to be 

more appropriate as a feedback signal from a practical standpoint. The present model has 

to be modified to some extent for this purpose. This changes in the model is discussed in 

the next section. Only the acceleration signal in the feed direction is sent to OAP board 

through a pre-amplifier. Here it is assumed that the acceleration signal is a good estimate 

of the tool tip acceleration in the feed direction (since the workpiece is very rigid in feed 

direction indicating that it transfers the tool tip vibration to the spindle bearing). 

The overall experimental setup in block diagram form is shown in figure 6.3. The 

acceleration signal from the accelerometer is sent to the OAP board through a pre-amp. 

Before processing this signal, it is converted into a digital signal using a sampling interval 

through AID converter which is a part of the OAP board. This signal along with the 

reference input signal is then used to identify the whole machining system before any 

control signal is computed using the GPKEC algorithm. The estimated parameters are 

then used to detennine the future behavior of the process and through the use of the 

GPKEC algorithm the control variable (feed) is calC'.nated at every sampling interval. The 

discrete control signal is then reconstructed into an analog signal through 01 A converter 

located on the OAP board. This analog signal may have some high frequency components 

which are undesirable. A low pass filter is used to get rid of any high frequency 

component in the control signal which is then sent to the servo-amplifier. The amplified 

voltage signal is then sent to the servomotor which is connected to the feed drive of the 

lathe machine. 
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Figure 6.2 Accelerometer location on the lathe headstock. 
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6.2 Modeling for Acceleration Feedback 

Although the model developed in chapter 3 involve the displacement as the feedback 

variable and the simulation is based on displacement feedback to the controller, a 

proximity sensor placed in front of the chuck has been observed to have poor signal 

pickup. On the other hand, an accelerometer placed on the headstock is found to have 

much superior acceleration signal pickup. For this reason, acceleration feedback instead of 

displacement feedback has been employed to implement the GPKEC controller on the 

lathe machine. Accordingly the displacement model developed in third chapter has to be 

replaced by an acceleration model which basically involves a simple transformation as 

discussed below. 

Let us consider the original one dimensional continuous time model for the cutting process 

as derived in chapter 3. It should be noted that this model does not include the dynamics 

of the feed motor. The model is given below: 

To convert the above model into an acceleration based model, we let 

t(t) = w(t}, then 

t(t) = fwdt 

Z(t) = Sf wdtdt 

Z(t - Tm) = Sf wet - Tm}dtdt 

Therefore, the following can written for the above equation, 

wet) +a1f wdt +a2 JJ wdtdt +a3 Sf wet - Tm}dtdt =bou(t) 

Taking Laplace transform on both sides and assuming that all initial conditions are zero, 
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W:(s) W(s) W(s)_ 
W(s)+a --+a.,-.,-+a -.,-e T,..r =b U(s) 

IS ~s~ 3S~ 0 

Simplifying. 

W(s) bos2 

--= -=---~---=-
U(s) S2 +als+a

2 
+a3e-T,..r 

Here W( s) is the Laplace transform of the acceleration signal and U( s) is the that of the 

control signal (change in feed of the cutting process). It is noted that the above transfer 

function is similar to the previous one except that this is not a strictly proper transfer 

function. 

6.3 Modeling of the Feed Motor Drive 

The feed motor used in the experimental setup is a permanent magnet DC servomotor. 

This motor has a built-in tachogenerator and an optical encoder. Only the tachogenerator 

output has been used as a feedback signal to the servo-amplifier-plus-controller to control 

the speed of the motor. A schematic diagram of the armature-controlled dc motor along 

with the timing belt and pulley drive is shown in figure 6.4(a). Figure 6.4(b) shows the 

corresponding block diagram. The torque T m developed by the motor is proportional to 

the product of the armature current ia and the air gap flux'll, which is in tum proportional 

to the field current, i.e. 

where Kr is a constant. The torque T m can therefore be written as, 
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where KI is a constant. Since field current is constant, the torque becomes proportional to 

the armature current and is given by, 

where K is the motor torque constant. The back emf et, induced by the armature rotation is 

proportional to the angular velocity CD and can be written as 

~ is known as the back emf constant. The speed of an armature-controlled dc servomotor 

is controlled by the armature voltage ea which is the output of a power amplifier. The 

armature circuit dynamics can be best expressed by the following differential equation : 

where La is the armature inductance and Ra the annature resistance. Substituting for ~ and 

taking Laplace transformation, we obtain : 

The dynamical equations of motion of the timing belt-pulley-load assembly can be derived 

using the Lagrangian approach as follows. Let us consider the figure 6.4(c) describing the 

motion of the belt-pulley and the load. The kinetic energy of this dynamical system is 

given by: 
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where J 1 is the sum of motor armature assembly inertias and the motor pulley inertia and 

Je' is the equivalent load inertia including the load side pulley. Assuming that the belt 

stretches by an amount of ~ for an angular rotation of the motor pulley by S and noting 

the hooke's law for this case, the following relations are obtained : 

Also by Hooke's law, 

where Lb is one-half the belt length, ~ the cross-sectional area of the belt, Eb the modulus 

of elasticity of the belt material, and F is the belt tension. The above equation can be 

rearranged to obtain the following form : 

where KtJ, is the stiffuess constant for the belt. Therefore the potential energy of the belt is 

given by: 

Let the ratio of speeds between motor pulley and the load pulley in the stretched situation 

be n'. Then ~ can be rewritten as : 

r., 
M= (r) -...::..)fJ 

n' 

since S = n'S'. The potential energy can then be written as 



PE =!..K (r _ r2 )2(jl 
2 rb I n' 
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Let us define T= KE - PE. Then the equation of motion for this system is obtained using 

the Lagrange equation : 

d (OF) OF Q' 
dt 8e - 8()= 

where Q' is the sum of all generalized non-conservative forces and is given by : 

where Tm is motor torque, b l is the damping coefficient for the motor shaft, and be' is the 

equivalent damping ratio at the load shaft. Using the speed ratio n', the kinetic energy of 

the system is rewritten as 

Using the Lagrange equation, the following equation of motion is obtained: 

where 

b' 
beq = b

l 
+_e ,and 

n' 

Since we are interested in the speed control we choose angular velocity as the output, i.e. 
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Therefore the dynamic equation can be written as 

After Laplace transfonnation the follow relation is obtained : 

Combining the above equation with the motor current equation, the following transfer 

function is obtained : 

m(s) = Ks 
Ea (s) (Las + RaXJeqs2 +heqs+ Keq) + KbKs 

The inductance in the armature circuit La is usually very small and may be neglected and 

hence the following equation would describe the feed motor drive assembly: 

6.4 System Identification 

System identification is an important part of the experimental implementation of the 

proposed chatter control scheme. Before any particular system identification (or parameter 

estimation) method can be selected, the model order of the overall transfer function has to 

be decided upon. As discussed in chapter 3 and in section 6.2, a minimum of second order 

model is needed to identify the cutting dynamics of the machining system. When the effect 
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of time delay in the feedback path (the regenerative effect) is neglected, a minimum of 

second order discrete time transfer function is required. The servomotor, which is 

connected to the feed drive of the machine, has at least a second order continuous time 

transfer function (voltage controlled speed controller) as shown above. This also translates 

into a second order transfer function in discrete time domain. As a result, the minimum 

order for the overall discrete time transfer function starting from the servo amplifier 

through servomotor, the timing belt pulley assembly, the gear train upto the carriage must 

be 4. Since GPKEC is a discrete time control algorithm and its experimental 

implementation involves a data acquisition and control board, a zero order hold circuit has 

to be employed to make the control signal analog in continuous time. The transfer function 

for a zero order hold is of order one (in continuous time). Therefore including the effect of 

zero order hold, the overall discrete time transfer function order must be at least 5. This 

means that the denominator polynomial order of the overall machining system transfer 

function should be at least 5. But what about the numerator polynomial order? Looking at 

the numerator polynomial order of each individual discrete time transfer function, the 

order of the numerator polynomial can be decided. As shown in section 6.2, the numerator 

polynomial order of the acceleration feedback model of the cutting dynamics is 2. The 

transfer function model of the feed motor drive assembly has a numerator polynomial 

order of 1. Therefore the overall discrete time transfer function model should have at least 

a numerator polynomial order of 3. Including the zero order hold effect, this order would 

increase to 4. Experiments have been carried out using GPKEC controller with identified 
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overall discrete time transfer function having denominator and numerator polynomials of 

orders 5 and 3 respectively. Another set of experiments have been run with overall 

discrete time transfer function having denominator and numerator polynomials of orders 6 

and 4 respectively. 

A least squares type system identification method has been employed to estimate the 

overall transfer function parameters. Since the conventional least-squares technique is not 

suitable for on-line identification, the Recursive Least Squares (RLS) identification 

method is used for this purpose. A brief description of the RLS system identification 

technique based on a second order transfer function model is provided in the appendix. 



CHAPTER 7 

EXPERIMENTAL RESULTS 

7.1 The Open Loop Machining System 
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In order to evaluate the perfonnance of the GPKEC controller, the uncontrolled 

machining operation is first perfonned. Depending on the combination of the spindle 

speed, depth of cut, and feed of the cutting process, chatter vibration mayor may not 

occur during the single point turning operation. To get an idea about the magnitude of 

vibration in a nonnal metal cutting operation without the occurrence of chatter, the 

acceleration data fonn such a single point turning process is recorded. Figure 7.1a shows 

the acceleration signal for such a case. It is noted that the magnitude of acceleration does 

not exceed 30 m/s2
• The FFT spectra for this acceleration data is shown in figure 7.1b. It 

is clear that this nonnal vibration level contains only high frequency noises which arise due 

different moving parts of the machine (no dominant frequency of vibration). The 

magnitude of vibration for this case is 75 dB. 

The spindle speed, depth of cut, and the feed are now selected such that chatter instability 

occurs in the machining process. The spindle speed chosen is 785 RPM which is much 

higher than average speed in machine shop practices. The nominal depth of cut is 1.092 

mm and the feed is chosen to be 0.0815 mm. The actual value of the depth of cut is 

obtained from experimental measurements. The sampling time is set to 1 millisecond. 

Figure 7.2a shows the acceleration data over a period of 40 seconds. It is immediately 

noticed that the magnitude of acceleration has exceeded 200 m/s2 as compared 30 rn/s2 in 

the previous case. It is observed from figure 7.2b that the frequency of chatter vibration is 
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about 166.2 Hz. And the level of vibration is found to be 105.9 dB. It should be noted that 

there are several other peaks in the vicinity of chatter frequency. This is because as the 

tool moves relative to the workpiece, the effective length of the workpiece as a cantilever 

beam changes which in tum changes the natural frequency of the machining system. 

7.2 The Closed Loop Machining System with GPKEC in the Feedback Path 

As discussed in section 6.4, the transfer function order of the machining system should be 

carefully chosen so that the system is not underparametrized. And as indicated, the order 

of the denominator polynomial of the transfer function should be no less than 5. Therefore 

the experimental runs are based on transfer function orders of 5 and 6. Although higher 

order transfer functions may have been considered, the slower processor prevented this 

from happening. Even for a 6th order transfer function, the sampling time has to be 

increased in order to compensate for the higher processing time to compute the control 

signal. Experiments are run varying different GPKEC parameters such as the control 

weight A. and the prediction horizon N. A. and N are varied as indicated in the following 

table. 

0.01 0.03 0.05 

N 1 2 3 

A zero value of A. is not chosen for the controller because of two reasons. First, as shown 

in the GPKEC control law, a zero value for A. may sometimes lead to singular value for the 

control signal. Second, a zero value for A means there is no intrinsic constraint on the 

control signal. So the control signal may saturate very quickly to the external bounds 
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imposed on it. As a result the controller performance drops sharply. Also as shown in the 

simulation, the feed value (i.e. the control signal) exceeds the desired operating range 

when A. = 0 (without any external bound). An external bound on the control signal is 

required for such control scheme because the feed must be within certain bound for a 

specific combination of spindle speed and depth of cut. The following external bounds on 

the control signal are used throughout all the experimental runs. 

Lower bound = 0.5*Nominal feed value. 

Upper bound = 6.0*Nominal feed value. 

The prediction horizon N is varied from 1 to 3. Although higher values for N is more 

desirable, the higher processing time limited this possibility. The computational burden on 

the processor increases as 2*N2 
• So the advantage of larger prediction horizon is lost in 

computational delays. As we will see later, the N value of 1 showed the fastest response in 

controlling the chatter vibration. 

The sampling period is changed to compensate for the computational delay due to higher 

order transfer function and/or higher prediction horizon. Three different sampling period 

has been used throughout the experimental runs. They are tabulated as follows : 

0.000999 sec 0.00135 sec 0.001575 sec 

The control horizon is always kept to an integer value of 1 for the reasons discussed in 

chapter 4. A higher value of the control horizon would increase the computational burden 

on the processor and as a result cripple the controller performance. 
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Before any control signal is computed using GPKEC strategy, the machining system 

parameters are estimated in first 150 time steps using Recursive Least Squares (RLS) 

system identification technique. The RLS algorithm has been found to converge in less 

than 50 time steps. Therefore, to reduce the variations in the estimated parameter values, 

these transfer £?nction parameters are averaged starting from 51st time step until 150th 

time step. The final averaged parameters are then sent to the GPKEC control function 

which then turns on the controller and starts sending the control signal to the DAP board. 

As we will see later, the identification process take more than 10 seconds in real time 

which means that no suppression of chatter vibration can occur before 10 seconds of the 

beginning of the machining process. The system identification process is repeated every 

one minute of cutting operation. 

Another important thing to note here is that no software filter has been used on the 

feedback acceleration signal before it is sent to the system identification function or the 

GPKEC function. This again is attributed to the shortcomings of having a very slow on 

board processor which significantly slows down the filtered signal (with an FIR filter of 42 

word length). Therefore both the system ID and the GPKEC processes use a feedback 

signal with high frequency noises. 

Figure 7.3a shows the acceleration signal in the feed direction from the controlled 

machining system using GPKEC. Here N (prediction horizon) =1, NU (control horizon) 

=1, A. (control weight) =0.01, na (degree of the denominator polynomial) = 5, nb (degree 

of the numerator polynomial) = 3. The sampling time is 0.000999 seconds. The on-line 

system identification is done if first 150 steps of the cutting process. The actual cutting 

parameter are : spindle speed = 785 rpm, nominal feed = 0.0815 mm, and depth of cut = 
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1.23 mm. As evident from the figure, the chatter vibration is suppressed in less than 15 

seconds since the machining operation has begun. The maximum value of the acceleration 

signal has been over 200 m/s2 before suppression and becomes less than 50 m/s2 after 

GPKEC has controlled the vibration successfully. Figure 7.3b shows the instantaneous 

feed values in mmJrev corresponding to figure 7.3a. It is clear that the instantaneous feed 

varies synchronously with the feedback signal in a similar fashion as expected. This means 

that GPKEC sends out a higher control signal if the feed back signal is high and vice versa. 

It is noticed that there is a partial saturation of the control signal (or instantaneous feed). 

The average value of the instantaneous over the period of 40 seconds is found to be 

0.1901 mm/rev which is more than double the nominal feed value. This indicates that 

GPKEC has not only suppressed the chatter vibration, but it also has reduced machining 

time which means increased productivity. Figures 7.3c and 7.3d are the FFT spectra for 

figures 7.3a and 7.3b respectively. Figure 7.3c shows that chatter frequency for this run is 

159.2 Hz and the vibration level after chatter suppression is about 90 dB. That means 

there has been a net reduction of 16 dB in the vibration level. Figure 7.3d shows that the 

control signal is delivered in the fashion of the acceleration signal. In other words, the 

control signal frequency matches with that of the feedback acceleration signal. This is 

expected because the controller must pump out more control signal for higher feedback 

signal values to keep the error or the vibration to a minimum. 

Figures 7.4a and 7.4b show the acceleration feedback signal and the control signal 

respectively for the following case: N = 1, NU = 1, I.. = 0.03, na = 5, nb = 3. The only 

change in the controller parameters here is in 1... As emphasized earlier, a higher value of I.. 

(as in this case) would impose additional intrinsic constraint on the control signal which 

can be translated in less control signal saturation. Indeed this is what happened here as 
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evidenced from figure 7.4b. It is important to note that saturation of control signal means 

larger variation in its value which may sometime lead to a workpiece finish which is less 

than desirable. Although by increasing I.. a smoother finish is obtained, the price that is 

paid here is the delay in the full suppression of chatter vibration. The average feed is found 

to be 0.1743 mmlrev indicating a higher productivity level. The FFT spectra for these 

figures are shown in figures 7.4c and 7.4d respectively. The chatter frequency in this case 

is 160.5 Hz. The vibration level after suppression of chatter is calculated to be 82.39 dB 

indicating a reduction of 23.5 dB. Figure 7.4d shows that the frequency of the 

instantaneous feed (control signal) matches with the acceleration frequency as before. 

The effect of even a higher value of I.. on the controller perfonnance is shown in figure 

7.Sa - 7.5d. As noticed from figure 7.Sb, the control signal remains well within the 

external bounds and is much smaller than the previous case. This is because I.. has been 

increased to 0.05 for this experimental run. All controller parameters are kept same as the 

previous case. The actual depth of cut in this case is 1.118 mm. The average value of 

instantaneous feed is computed to be 0.0814 mmlrev which is almost the same as the 

nominal feed value. The additional constraint imposed by larger I.. has restricted the 

variation of the control signal (instantaneous feed) to smaller values close to the nominal 

feed. The disadvantage of larger I.. is that the chatter vibration is suppressed gradually and 

slowly. Also the magnitude of vibration after chatter suppression is relatively high (96.6 

dB) as evident from figure 7.Sc. There has been a reduction of 9.3 dB in the vibration 

level. The chatter frequency in this case is 160.1 Hz. Figure 7.5d shows the frequency 

match between the instantaneous feed and the acceleration feedback signal. 
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All the above results are based on a transfer function order of na = 5 and nb = 3. This is 

the minimum order that is needed to identify the system correctly. But the identification of 

the system and estimation of its parameters can be made more accurate if some of the 

other less significant component dynamical systems are included in the transfer function 

model. This would mean a higher order transfer function which would certainly increase 

the computational burden on the on-board processor. Therefore, we decided to increase 

the transfer function order by 1 to study the performance of GPKEC for such case. 

Figures 7.6a - 7.6d show the controller perfonnance for a combination of parameters as 

follows: N = 1, NU = 1, A. = 0.01, na = 6, nb = 4, T (sampling time) = 0.000999 sec. The 

actual depth of cut is 1.118 mm. It is clear that full suppression of chatter occurs a little 

later than previous cases (with na = 5, and nb = 3). This may be attributed partly to the 

higher order transfer function which causes increased computational time for the 

processor and partly to the saturation of the control signal as evidenced form figure 7.6b. 

The average instantaneous feed is calculated to be 0.1696 nunlrev which is about twice 

the nominal feed value. The vibration level is reduced to 74.9 dB which is the nonnal 

cutting level vibration without the occurrence of chatter. The chatter frequency for this 

case is 159.1 dB as shown in figure 7.6c. The advantage of higher order transfer function 

is clear from the fact that the vibration level is reduced to a level of 75 dB in this case 

whereas it is reduced to 90 dB for the case with na = 5, and nb = 3. But suppression of 

chatter vibration is delayed due to longer computation time. Figure 7.6d shows that the 

control signal frequency matches with the acceleration signal frequency. 

Figures 7.7a - 7.7d show similar situation -:s in figure 7.6 except that A. is increased to 

0.03. The actual depth of cut for this case is 1.156 mm. As before, the instantaneous feed 

is not saturated which let the controller suppress the chatter vibration quickly. The 
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average instantaneous feed is found to be 0.1757 mm1rev. The chatter vibration is reduced 

to a level of 76 dB (nonnal cutting level vibration) as shown in figure 7.7c. The chatter 

frequency is 159.7 Hz. Figure 7.7d shows the frequency match between the control signal 

and the acceleration signal. 

The value of A. is increased to 0.05 keeping all other control parameters same as the 

previous case. The actual depth of cut is 1.13 mm. The corresponding results are shown in 

figures 7.8a - 7.8b. In this case the control signal (instantaneous feed) has saturated during 

the first 9 seconds. This may be attributed to the fact that the intrinsic constraint on the 

control signal has not been able to restrict the control signal within the external bounds for 

this particular run. But the chatter vibration is suppressed quickly (in less than 15 seconds) 

as evident from figure 7.8a. This may be due to a more accurate transfer function of the 

system. The average feed for this run is computed to be 0.1761 mm1rev. The chatter 

vibration is reduced to a level of 71.61 dB (nonnal cutting level vibration). The chatter 

frequency for this case is 159.4 Hz. Figure 7.8d shows the frequency match between 

control signal and the feedback signal. 

So far we have discussed the experimental results for a prediction horizon of 1. In this 

section, the controller perfonnance is discussed for experimental runs with N equal to 2. 

Figures 7.9a - 7.9d show the results for the following combination of controller and other 

parameters: N = 2, NU = 1, A. = 0 01. na = 5, nb = 3. The sampling time is increased to 

1.35 millisecond in order to compensate for the computational delay due to increased 

prediction horizon. The actual depth of cut is 0.978 mm. Although the control signal has 

not saturated (figure 7.9b), the suppression of chatter vibration is delayed quite a bit 

(figure 7.9a). This is most probablv due to the computational delay in part. The other 
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reason may be that the transfer function is underparametrized. The average instantaneous 

feed for this case is 0.1387 nun/rev. The chatter vibration is reduced to a level of 73.1 dB 

which is about normal cutting level vibration. The chatter frequency is 168.4 Hz. Figure 

7.9d show that the control signal frequency matches with that of the acceleration signal. 

Next J.. is increased to 0.03 keeping all other parameters same as the previous case. The 

actual depth of cut in this case is 1.029 mrn. The instantaneous has not saturated (figure 

7.10b) and the chatter vibration is suppressed very quickly (within 15 seconds) as 

evidenced form figure 7.10a. The average instantaneous feed is computed to be 0.1345 

mm1rev. This shows that a higher value ofN does result in better controller performance. 

But as we will see later, this advantage tend to diminish for N = 3 due to computational 

delay of the processor. The vibration level is reduced to 74.62 dB and the chatter 

frequency for the present case is 168.4 (figure 7.10d). 

Figures 7.lla - 7.11d show the results from experimental runs with N = 2, NU = 1, J.. 

=0.05, na = 5, and nb = 3. The actual depth of cut is found to be 0.94 nun. The sampling 

period has been set to be 1.35 ms. It is observed that the chatter vibration is suppressed in 

a reasonable amount of time (figure 7. 11 a) given that the control signal saturates during 

the first 30 sec of the cutting process (figure 7 .11 b). The average feed is calculated to be 

0.1678 mm!rev. The chatter vibration (with a frequency of 160.7 Hz) is reduced to 78.07 

dB resulting in a 27.73 dB of reduction. Figure 7.lld shows that the control signal is in 

act:ord with the acceleration feedback signal. 

As before a higher order transfer function is used with other controller parameters similar 

to the previous case. The parameters are ;..r = 2, NU = 1, J.. = 0.01, na = 6, nb = 4. The 
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Figure 7.10 (a) Acceleration singal in tre feed direction in a controlled Single Point 
Turning (SPT) process using GPKEC. N=2, NU=I, Im=O.03, na=5, nb=3. Sampling 
time 1.35 ms. Nominal feed 0.0815 nun. Depth of cut 1.029 mm. Spindle speed 785 
rpm. (b) Instantaneous feed correspoOOing to figure (a). Average instanlaneous feed 
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Figure 7.11 (a) Acceleration singal in the feed direction ina controlled Single Point 
Turning (SPT) process using GPKEC. N=2, NU=I, Irn=O.05, na=5, 00=3. Sampling 
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sampling time is increased to 1.575 millisecond to compensate for the computational delay 

time. Care is taken so that the sampling frequency is at least 3 times the chatter frequency. 

The actual depth of cut is found to be 1.003 mm. The results are even better than the case 

with a lower order transfer function (i.e. na = 5, nb = 3). Suppression of chatter is 

completed within first 20 seconds of the turning process (figure 7. 12a). The computed 

average instantaneous feed is 0.1641 mmlrev. In this case the control feed does not 

saturate resulting in a better control of vibration (figure 7. 12b). There has been a reduction 

of 29.57 dB in the level of vibration after chatter suppression (figure 7.12c). The chatter 

frequency is 168.5 Hz. Figure 7.12d show the ~equency match. 

Figures 7.13a - 7.13d show experimental results with A. = 0.03 keeping other controller 

parameters same as the above case. The actual depth of cut here is measured to be 1.143 

mm. The chatter vibration is controlled very quickly (within first 15 seconds) as evidenced 

from figure 7.13a. The instantaneous feed remains unsaturated and the average feed is 

found to be 0.1516 mmlrev (figure 7.13b). The chatter vibration is reduced to a level of 

76.36 dB which is about the normal cutting level vibration (figure 7. 13 c). The chatter 

frequency is observed to be 170.3 Hz. 

Next A. is increased to a value of 0.05 keeping other controller parameters same as the last 

case. The actual depth of cut is 1.016 mm. It clear that the magnitude of the control feed 

is much smaller here (figure 7. 14b) than the last two case with A. values of 0.01 and 0.03. 

The reason for this has been explained earlier. As a result suppression of chatter vibration 

is delayed (figure 7.14a). The average instantaneous feed is found to be 0.1073 mmlrev. 

The reduction in the vibration level is observed to be 30.65 dB. The frequency of chatter is 
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169.5 Hz (figure 7.I4c). Figure 7.I4d shows that the control signal frequency matches the 

chatter frequency. 

The following six experimental runs are carried out with prediction horizon equal to 3. 

The controller parameters for the results shown in figures 7.ISa - 7.I5d are: N = 3, NU = 

1, A. = 0.01, na = 5, nb = 3. The sampling time for this run is set to be 1.575 milliseconds. 

The actual depth of cut is found to be 1.003 mrn. As noticed from figure 7.ISa, 

suppression chatter vibration is delayed as compared to the similar case with N = 2. A 

faster processor would have improved this situation. The control signal (instantaneous 

feed) is very close to the nominal value (figure 7 .ISb). The average feed is calculated to be 

0.0831 mm1rev. The chatter vibration is reduced to a level of 77.66 dB which is very 

close to the normal cutting operation. The chatter frequency for this run is found to be 

159.3 Hz (figure 7 .15c). The instantaneous feed similar frequency response as the 

acceleration feedback signal (figure 7.15d). 

The value of A. is then increased to 0.03 keeping all other controller parameters same as 

above. The results are sho\VI1 in figures 7 .16a - 7.16d. Here too the suppression of chatter 

vibration is delayed as compared to the case with N = 2. The control feed remains 

unsaturated throughout (figure 7.16b). The average instantaneous feed is computed to be 

0.1156 mmlrev. The vibration level is reduced to a level of 78.35 dB (close to normal 

cutting operation). The chatter frequency is found to be 168.7 Hz. Figure 7.l6d shows the 

frequency match characteristics of the GPKEC controller. 

A. is set to even a higher value (005) to study the controller performance. The actual depth 

of cut for this run is measured to bt! 1 118 mm. The control feed saturates for the first 12 
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seconds as evidenced from figure 7.17h. As a result the chatter vibration is suppressed 

quickly after 12 seconds of cutting operation (figure 7.17a). The average instantaneous 

feed is found to be 0.1491 mmlrev. The vibration level is reduced to 72.24 after chatter 

suppression which is also the vibration level in a normal cutting operation. The chatter 

frequency is found to be 160 Hz (figure 7.17c). Figure 7.17d shows the frequency match 

between the instantaneous feed and the acceleration signal. 

Next, a higher order transfer function is employed to experimentally observe GPKEC 

performance. The controller parameters used are: N = 3, NU = 1, A = 0.01, na = 6, nb = 

4. The sampling period is set to 1.575 milliseconds. The actual depth of cut is measured to 

be 1.067 mm. The results for this case are shown in figures 7.18a - 7.18d. As evidenced 

from figure 7.18a, the chatter is suppressed very slowly and there is not any significant 

reduction in the vibration level until about 37 seconds. This can be explained by looking at 

figure 7.18b which shows a very restricted variation of the instantaneous feed. The 

average instantaneous feed is computed to be 0.1019 mmlrev. The chatter vibration is 

reduced to a level of 93.92 dB indicating a 12 dB reduction. The chatter frequency is 

found to be 168.7 Hz (figure 7.18c). And once again the pattern of control signal variation 

is found to be in consonance with the system requirements (figure 7.18d). 

The value of A. is now increased to 0.03 keeping other controller parameters same as the 

previous case. The actual depth of cut for this run is measured to be 1.067 mm. Figure 

7.19a shows very quick suppression of chatter vibration (in about less than 20 seconds) 

although this is not as good as for the case with N = 2. The control signal (instantaneous 

feed) has saturated for the first 1:; seconds, then as it controls the vibration its value 

diminishes (figure 7.19b). The a .... erage feed is calculated as 0.1622 mmlrev. The vibration 



N 

* * (,) 
(,) 

~ 
= .9 
E§ 
<:) 

~ 
u 
u 
< 

> 
<:) 

~ 
E 
-0 
<:) 

~ 
ell 

8 
§ 
§ 
ell 

.5 

200 

150 

100 

50 

0 

-50 

-100 

-150 
0 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

10 20 30 40 
T1lDe, sec 

(a) 

T1I1le,sec 
(b) 

50 60 70 

Figure 7.17 (a) Acceleration singal in the feed direction in a controlled Single Point 
Turning (SP1) process using GPKEC. N=3, NU=I, 1m=O.05, na=5, nb=3. Sampling 
time 1.575 InS. Nominal feed 0.0815 mm Depth of cut 1.118 mm SpiOOle speed 
785 rpm (b) Instantaneous feed corresponding to figure (a). Average instantaneous 
feed 0.1491 mm1rev. 

149 



7x 10 
4 

6 

.g 5 
E 
C) 

<3 4 <:..> 
<:..> 
< ..... 
0 3 C) 
~ 

.~ 

I 
eo .-: 

::E 

350 

Frequency, Hz 

(c) 

250 

-0 200 
C) 

:.::! 

'" =' 0 
C) 

150 ~ g 

.5 ..... 100 0 
C) 
~ 

.3 
.~ 

50 c: 
::E 

00 50 100 200 250 300 350 

Frequency, Hz 

(d) 

Figure 7.17 (c) FFf spectra of the acceleration signal in (a). Vibration level72.24 dB. The 

corresponding frequency is 306.7 Hz. (d) FIT spectra for the Imtantaneous feed in (b). 

150 



N .. .. 
() 
() 

~ 
~ 

.12 
E 
() 

s:1 
~ 

> 
<:.l ... 
~ 
E 
-g-
~ 

~ 
0 
() 
c 
~ 
9 
en 
.5 

300 

250 

200 

150 

100 

50 

rune, sec 

(a) 

0.16 r-----r------,------.------r-------, 

0.12 

0.1 

rune, sec 

(b) 

Figure 7.18 (a) Acceleration singal in the feed direction in a controlled Single Point 
Turning (SP1) process using GPKEC. N=3, NU=I, 1nFO.0I, na=6, nb=4. Sampling 
time 1.575 ms. Nominal feed 0.0815 nun. Depth of cut 1.067 nun. Spindle speed 
785 rpm. (b). Instantaneous feed corresponding to figure (b). Average instantaneous 
feed 0.1019 mm1rev. 

151 



"0 
<:J e 
~ 
0 
<:J c 
g 
c 
g 
til 

.5 .... 
0 
!!) 
"0 a 
·2 
00 
c::s 

::E 

12 x 104 

10 

8 

6 

40 

35 

30 

25 

20 

15 

10 

50 100 
Frequeocy. Hz 

(c) 

Frequeocy. Hz 

(d) 

Figure 7.18 (c) FFT spectra of the acceleration signal in (a). Vibration level 93.92 dB. The 
corresporxling frequeocy is 168.7 Hz. (d). FFf spectra for the Instantaneous feed in (b). 

152 



> 
OJ ... 
~ 
E 

-0-
OJ 
~ 
gj 
0 
OJ = g 
§ 
S 

200~----r-----~----~----~----~----~----~ 

-150 
0 10 20 30 40 50 60 70 

TlIlle. sec 

(a) 

0.3 

0.25 

0.2 

0.15 

0.1 

0.05 

70 
TlIl1e, sec 

(b) 

Figu.--e 7.19 (a) Acceleration sing.ll 10 the feed direction ina controlled Single Point 
Twning (SP'I) process using GPKEC N=3. NU=1.lIIA>.03. oa=6. IiF4. Sampling 
time 1.575 InS. Nominal feed 0 ()X 15 nun. Depth of cut 1.067 mm. Spindle speed 
785 rpm. (b) Instant.areous feed corrcspoOOing to figure (a). Average ins1aIttareous 
feed 0.1622 mm'rev. 

153 



gXlO 

7 

c 6 
.9 
"§ 

5 <:) 

] 
<: 4 
'-
0 
<:) 
"0 3 = ."2 
00 

~ 2 

4 

50 100 150 200 
Frequency. Hz 

(c) 

250 300 350 

300r-----r---~r_--~----_,----_,----~----~ 

2SO 

200 

ISO 

.g 100 

.~ I 
I ~. 

::E 

soL _liliiii7 ......... ""'-......"../L ... 2jUl1~_t~ .......... IMyl~j 
0
0 50 100 150 200 2SO 300 350 

Frequency. Hz 

(d) 

Figure 7.19 (c) FFT spectra of the accelerationsignai in (a). Vibration leve174.77 dB. The 
corresponding frequency is 169.7 Hz. (d) FFr spectra for the Instantanx>us feed in (b). 

154 



155 

level after chatter suppression is observed to be 74.77 dB which is about the nonnal 

cutting level vibration. The chatter frequency for this run is 169.7 Hz. 

The control weight J.. is now set to a value of 0.05. All other controller parameter remains 

the same. The actual depth of cut on the workpiece is 1.156 nun. Chatter vibration is 

suppressed slowly as seen from figure 7.20a. This may be attributed to the fact that the 

control signal value is limited to low variations (figure 7.20b). The average feed is found 

to be 0.1083 mm/rev. The chatter vibration is reduced to a level of 77.11 dB (nonnal 

cutting level vibration) after suppression. The chatter frequency for this case is found to be 

160.5 Hz (figure 7.20c). Figure 7.20d shows that the control signal (instantaneous feed) 

varies accorCing to the vibration signal as expected. 

7.3 Performance of GPKEC in Chatter Suppression for a Workpiece with a Step 

Change in Depth of Cut 

In simulation results described in chapter 5, we have seen that GPKEC nicely handles such 

cases as multiple change in the depth of cut on the workpiece. Although the open loop 

system is driven to instability very quickly, GPKEC has been able to suppress the chatter 

vibration very efficiently, at least in simulation. This property of GPKEC demonstrates its 

inherent robustness against external disturbances. In this section, we present the 

experimental results which verifies the simulation results. 

Figure 7.21a shows the location and the amount of the step change in workpiece depth of 

cut. The step is located 25.4 mm from the free end of the workpiece. The initial depth of 

cut is set to be 1.016 mm. At the step the depth of cut is raised to 1.27 mm resulting in a 
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step jump of 0.25 mm. The acceleration signal in the feed direction from the open loop 

system is recorded and is shown in figure 7.21 b. The nominal feed and the spindle speed 

for this run are 0.0815 mmlrev and 785 RPM respectively. As evidenced from figure 

7.21 b, the magnitude of chatter vibration jumps at the step (at around 33 seconds since the 

cutting operation started). Figure 7.21c shows the frequency characteristics of this 

vibration. It is noticed that there are two distinct frequencies. The first one is due to the 

chatter vibration during the first 25.4 mm length of cut. The higher frequency occurs due 

to the renewed chatter vibration at the step. This frequency is computed to be 167.3 Hz. 

The magnitude of this chatter vibration is 104.8 dB. 

The performance of GPKEC is now tested in suppressing the chatter vibration for the 

above case. As before, two kind of transfer function are used to identify the machining 

system, namely, a 5th order and a 6 order transfer functions. The value of the control 

weight is also varied as before, such as 0.01, 0.03, and 0.05. But the prediction horizon is 

kept constant (N = 1) for all the runs. This is done because higher prediction horizons has 

not really offered much improvement on the vibration suppression characteristics of the 

controller for previous cases (i.e. cases with constant depth of cut on the workpiece). The 

control horizon is also kept constant to a value of 1. The sampling time for rest of the 

experimental runs is set to 0.000999 seconds. The nominal feed and the spindle speed are 

also set to same values as previous cases (0.0815 mm1rev and 785 RPM respectively). As 

before the system identification process takes place during first 150 steps of the sampled 

metal cutting system using RLS method before any control signal is computed and sent 

out. 
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Figures 7.22a - 7.22d show the performance ofGPKEC with controller parameters as : A. 

= 0.01, na = 5, nb = 3. The actual depths of cut are 1.016 mm and 1.41 mm before and 

after the step respectively. It is clear from figure 7.22b that the control signal has saturated 

all through the recorded cutting operation. Still there has been a good deal of vibration 

suppression as evident from figure 7.22a. One of the reasons for this may be that although 

the control signal has saturated, it has not fallen short of the system requirements that 

much (in other words, the control values demanded by the machining system is probably 

very close to the external bounds on the controller). It should be noted that system 

identification process is repeated every minute. Although the system parameters have 

changed to some extent at the step jump, GPKEC still uses the system parameters 

estimated at the beginning of the run (since the time elapsed is less than a minute). This 

fact verifies the simulation results which states that even if the actual system parameters 

vary slightly from the estimated parameters (provided that the system is not under 

parametrized), the GPKEC algorithms perform very well. This property will be 

demonstrated throughout the rest of the results. The average instantaneous feed for this 

case is computed to be 0.1645 rnrnIrev. The chatter frequency is 168.1 Hz (figure 7.22c). 

The chatter vibration has been reduced to 91.6 dB level (a 13.2 dB reduction). Figure 

7.22d shows the frequency match between the control signal and the feedback acceleration 

signal as before. 

Next the value of A. is raised to 0.03 keeping all other controller parameters same as the 

previous case. The actual depths of cut for this case are measured to be 1.194 mm and 

1.664 mm before and after the step respectively. The control signal has saturated for a part 

of the recorded time (figure 7.23b) which is in agreement with the fact that A. is higher 

here than the previous run. As a result there has been a better suppression of chatter 
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vibration than the previous case (figure 7.23a). Again the discrepancy between the 

estimated parameter and the actual system parameters has not contributed to deteriorate 

the controller performance. The figure also shows that the renewed chatter vibration at the 

step is suppressed very quickly (in less than 9 seconds). The average instantaneous feed is 

found to be 0.1702 mm1rev. The vibration level has been reduced to 75.27 dB which is 

about normal level for a machining operation. The chatter frequency is 167.6 Hz (figure 

7.23c). Figure 7.23d shows that the control signal varies in unison with the machining 

system requirements. 

Figures 7.24a - 7.24d show the controller performance for the case when A = 0.05 while 

all other parameters are left unchanged. The actual depths of cut for this case are 0.775 

mm and 1.168 mm before and after die step respectively. The results show that the control 

signal has remained unsaturated throughout the recorded time (figure 7.24b) which is 

expected because of higher A value. Although it is expected that because of lesser control, 

the vibration suppression would not be as good as the previous case, the controller has 

shown good suppression of chatter (figure 7.24a). Even at the step, there is no trace of the 

renewed chatter vibration. This may be explained as follows : since the actual initial depth 

of cut is much smaller than the nominal value and the depth of cut at the step is close to 

the nominal value, the dynamics of the machining system has not changed that much. As a 

result the controller, without seeing any change in the actual and estimated parameters, 

has work as good as it has done at the start. The average feed in this case is 0.1244 

mm/rev. Figure 7.24c shows that the chatter frequency is 168 Hz while the chatter 

vibration is suppressed to level of 75 dB ( normal machining operation level). The match 

in the frequencies between the control signal and the acceleration is revealed in figure 

7.24d. 
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The vibration suppression performance of the GPKEC controller is now studied for a 

higher order transfer function of the machining system. This experimental run is based on 

the following controller parameters: na = 6, nb = 4, and J.. = 0.01. Other parameter 

remains same as before. The actual depths of cut for this case are 0.965 mm and 1.321 

mm before and after the step respectively. The control signal has saturated only around the 

step (figure 7.25b) as opposed to total saturation for the same case with lower order 

transfer function. As a result the chatter vibration disappeared very quickly as evidenced 

from figure 7.25a. This probably indicates that in the previous case the transfer function 

may have been under parametrized. The average feed is calculated to be 0.1724 mm1rev. 

Figure 7.25c shows that the chatter frequency is 169.1 Hz and that the chatter vibration 

has been suppressed to normal cutting vibration level (71.72 dB). Figure 7.25d shows the 

frequency match between instantaneous feed and the feedback signal. 

Now with all other parameter same as before and J.. = 0.03, the controlled turning 

operation is run using GPKEC. The results are shown in figures 7.26a - 7.26d. The actual 

depths of cut for this case are 1.003 mm and 1.308 mm before and after the step 

respectively. Here too the level of control signal saturation is much less (figure 7.26b) and 

as a result the chatter suppression has been very good (figure 7.26a). It is noted that the 

renewed chatter vibration at the step get suppressed very quickly in this case. The average 

instantaneous feed is found to be 0.1648 mm1rev. The chatter vibration is reduced to a 

level of 66.75 dB as indicated in figure 7.26c ( again normal level vibration). The chatter 

frequency is computed to be 169.4 Hz. The frequency match characteristics is shown by 

figure 7.26d. 
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Figures 7.27a - 7.27d show the perfonnance of GPKEC in vibration suppression in a 

single point turning operation for a higher I.. value. I.. is raised to a value of 0.05 keeping 

all other parameters same as before. The actual depths of cut are measured to be 0.956 

nun and 1.283 mm before and after the step respectively. The control signal (instantaneous 

feed) has not rea)ly reached saturation here (primarily because of higher I.. value) as shown 

in figure 7.27b. Therefore suppression of the chatter vibration has been very efficient 

(figure 7.27a). The important thing to be noticed here is that initial vibration suppression is 

delayed as compared to the previous case. This can be attributed to a lesser control value 

that has been due to a higher A.. The average feed is 0.1833 mm1rev. Figure 7.27c shows 

that the chatter frequency for this case is 160.1 Hz and the chatter vibration has been 

reduced to a level of 68.91 dB which is about normal vibration level. Figure 7.27d shows 

that the controller output is in accord with the system demand. 

7.4 Effect of GPKEC on the Work Surface Quality 

So far we have seen only the acceleration data from the machining system which has 

indicated the general performance of the GPKEC controller in suppressing the chatter 

vibration. In this section, we show some photographs of the workpiece before and after 

GPKEC has been applied to the machining operation which clearly indicates a significant 

improvement in workpiece surface quality. 

Two general cases are considered here: a) GPKEC is applied to a single point turning 

process of a workpiece with single depth of cut, and b) GPKEC applied to a single point 

turning process with a step change in the depth of cut. Figure 7.28a shows the surface 

quality of the workpiece for the uncontrolled turning process (with occurrence of chatter 
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vibration while cutting) for case (a) above. The cutting parameters here are: spindle speed 

= 785 RPM, nominal feed = 0.0815 mmlrev, actual depth of cut = 0.978 mm, length of 

the workpiece = 177.8 mm, and the sampling period = 0.000999 seconds. It is clear from 

figure 7.28a that chatter vibration has caused significant damage to the workpiece surface 

(very rough chatter marks). In some precision machining processes, this kind of workpiece 

with bad surface quality may have to be scrapped. Now GPKEC is turned on to control 

the chatter vibration and thereby to improve the surface quality of the workpiece. The 

controller parameters for this experimental run are set as follows : N = 1, NU = 1, A. = 

0.03, na = 6, nb = 4, sampling period = 0.000999 seconds. The system parameters are 

estimated using RLS algorithm during the first 150 steps of the experimental run. The 

identified parameters are averaged over the last 100 steps before they are sent to the 

GPKEC algorithm. The external bounds on the control signal are kept same as before (i.e. 

upper bound = 6*nominal feed and lower bound = 0.5*nominal feed). The workpiece 

surface quality for this case is shown in figure 7.28b. Except for the first 10-12 mm of the 

workpiece surface, no chatter mark is found. This is a significant improvement of the 

surface finish over the previous case. The chatter marks for first few millimeters are due to 

the fact that no control action is taken during that period because of the ongoing system 

identification process. 

Figures 7.29a and 7.29b show the workpiece surface quality for case (b). The workpiece 

surface obtained from the open loop turning process is shown in figure 7.29a. The cutting 

parameters for this case are same as case (a) except that the depth of cuts are 1.143 mm 

and 1.486 mm before and after the step respectively. Because of the step jump in the depth 

of cut, the surface quality of the workpiece is even worse than in case (a) due to severe 

chatter conditions (figure 7.29a). The workpiece surface obtained from the controlled 
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Figure 7.28 Workpiece surface quality in a nonna! cut. (a) In uncontrolled 
machining. (b) After GPKEC is applied to the machining process. 
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(a) 

(b) 

Figure 7.29 Workpiece surface quality in a cut \\-ith a step change in depth of cut. 
(a) In uncontrolled machining. (b) After GPKEC is applied to the machining process. 
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turning process using GPKEC is shown in figure 7.29b. It is clear that this surface finish is 

significantly improved over that in figure 7.29a. The controller parameters used in this 

case are identical to that for case (a). The actual depths of cut are 1.067 mm and 1.397 

mm before and after the step respectively. 

The above results clearly show that the surface quality of the workpiece is significantly 

improved through the use of GPKEC controller. The results also demonstrate that even if 

there is change in system dynamics (as in the case when there is a change in the depth of 

cut on the workpiece surface), GPKEC can efficiently control the chatter vibration such 

that its effect on the workpiece surface quality is minimal. 
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In the present work, a three dimensional model for the cutting dynamics is developed 

using a Lagrangian approach. The tool and workpiece dynamics are individually 

characterized and the proposed model represents the cutting process as the interactions 

between them. The 3D dynamic model is then linearized assuming small instantaneous 

workpiece displacements relative to the tool. Simulations using the above model show 

that instability in the cutting process can occur due to unstable tool as well as workpiece 

motions. 

It is observed that both feed and the depth cut appear in the governing equations of 

motion. Accordingly, either of them may be used as a control variable. In the present 

work, feed is chosen as the control variable since it does not require an active control 

system. This is expected to make its implementation cost effective. 

Based on the incremental kinetic energy of the process and its associated Diophantine 

identity in the context of self tuning long range predictive control theory, a generalized 

predictive kinetic energy controller (GPKEC) is then developed. Simulation results show 

that complete suppression of the chatter vibration is possible using zero control weighting 

(A. =0). A nonzero value of A. can provide smoother control and delay saturation of the 

control parameter. However, if A. is too large, the control action may be severely 

restrained and the capability of the controller may be jeopardized. Therefore, a small but 
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finite control weighting (A = 0.01) is chosen in the present work. The effect of prediction 

horizon on the control system performance is also investigated. It has been observed that 

an increase in the prediction horizon provides additional foresight to the controller and 

improves its effectiveness. Such foresight is essential for detecting incipient instabilities in 

the process and initiating control actions for avoiding them. It is realized that at any time 

step only the control action for that particular instant may be initiated. Moreover, any 

predictions of future control actions will get modified at later times. This fact is utilized in 

the present work and the control horizon (NO) is held at 1 to reduce the computational 

cost and improve the efficiency of the GPKEC algorithm. 

The effect of workpiece material inhomogeneity is simulated using a multistep disturbance 

input. Even for such extreme and unforeseen circumstances, the GPKEC controller has 

been able to suppress the unstable chatter \;brations to about 0.2 from a Fourier 

magnitude of 1.2 (a 15 dB reduction) in 0.01 second. 

In many practical machining operations, only approximate estimates of the process 

parameters may be obtained. These parameters may also vary with time. Such 

approximations may induce errors in process models. Accordingly, the effect of modeling 

error on the performance of GPKEC is of crucial importance to its effectiveness in real life 

situations. In the present work, the robustness of GPKEC is investigated by randomly 

varying all three parameters by 10 % of their values every 20 sampling intervals. This 

causes the uncontrolled system to go unstable very quickly whereas the controlled system 

shows almost complete suppression of vibration at the chattering frequencies. 
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A thorough experimental study is then carried out to verify the simulation results. A 

variety of combinations of prediction horizon, control weight, and numerator and 

denominator polynomial orders of the overall machining dynamic have been used for a 

large number of experimental runs. Application of acceleration feedback and the GPKEC 

control strategy to the single point turning process have resulted in complete suppression 

of chatter vibration in all cases. The surface quality of the workpiece in a controller 

turning process using GPKEC has been within the acceptable range in almost all cases. 

A nonzero value of A. has been used to prevent any saturation of the control signal. The 

performance of the GPKEC controller has been observed to diminish with the control 

signal saturation. On the other hand, a larger value for A. restrains the control signal so 

much that suppression of chatter vibration cannot be accomplished efficiently. A A. value 

between 0.01 and 0.05 has been found to lead the controller in effectively suppressing the 

chatter vibration. A higher value of A. within the acceptable range has led to a smaller 

instantaneous average feed value which is in agreement with the simulation results. It has 

also been observed that there has been significant improvement of the surface quality in 

cases where no control saturation has occurred. 

The average instantaneous feed for almost all experimental runs is observed to be much 

higher than the nominal feed. This experimental result verifies the prediction of a higher 

averaged instantaneous feed value from the simulation. This result is very important from 

a practical standpoint since the production time for a product would be shorter if GPKEC 

controller is used. However, a considerably higher value of the average instantaneous may 

sometimes lead to a deterioration of the surface quality of the product. 
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An improvement in the GPKEC controller performance has been observed when a higher 

order transfer function model has been used to identify the machining system. A higher 

order transfer function gives a more accurate estimation of the system dynamics, because 

unaccounted for subsystem dynamics can be included in the system model. Also, because 

of regenerative effect the discretized transfer function tend to have a higher order term in 

the denominator polynomial. This effect can be reflected in the identified model to some 

extent by using a higher order transfer function. As a result, the GPKEC controller with 

higher order model has shown comparatively shorter settling time in the experimental 

study. 

The effect of prediction horizon on the performance of the proposed control system in 

chatter suppression has been studied next. Although the simulation results have shown 

that the settling time for the chatter suppression can be shortened by increasing the 

prediction, the experimental results have fallen short of showing similar effect. The settling 

time of the chatter vibration for cases with prediction horizon 2 and 3 sampling period is 

of the same order of that with prediction horizon of 1 sampling period. The principal 

reason for this can explained as follows. In simulation, the delay in the control signal 

delivery to the actuator due to processing time is totally omitted. This is why the 

simulation results show nice behavior of the controller at higher prediction horizon. 

However, in real time applications, there is always delay associated with signal processing 

and computation of the control signal. This delay time increases with the computational 

burden associated with prediction in a 2N2 fashion. For higher prediction horizon the delay 

time increases rapidly which in tum offsets the advantage of shorter settling time (for 

higher N). This delay is also hardware dependent. A slower processor (as in the present 

case - Intel 80186 processor) would cause additional delay for the control signal delivery 
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due to slower processing of signals. A faster processor would certainly improve the 

performance of GPKEC controller even with longer prediction. Improvements can also be 

made by using a high bandwidth servomotor to drive the feed rod. This would result in a 

reduced delay time because of faster response characteristics of the motor. 

The GPKEC controller is observed to be robust against system noise, uncertain steplike 

inputs, appreciable changes machining dynamics, as well as estimation errors. 

Experimental results show that there is a certain level of random noise present in the metal 

cutting process. The chatter vibration has been suppressed to the residual noise level even 

in presence of the system noise in the feedback acceleration signal (no software noise filter 

has been used due to time constraints). Also, the exceptionally good performance of the 

controller in cases when there has been a steplike change in the cutting depth of the 

workpiece material verifies the robustness of GPKEC controller against uncertain external 

steplike inputs. As stated earlier, the dynamics of the cutting process changes as the tool 

moves in w.r.t. workpiece. Since system identification has been performed only once in the 

beginning of cut, these estimated parameter may have changed at other tool positions. The 

experimental results show that this type small change in the system dynamics does not 

affect the controller performance. By the same reasoning, it is concluded that GPKEC 

controller has been found to be robust against estimation errors. 

8.2 FUTURE WOR...T{ 

The present work can be considered a starting point for a whole new area of research in 

the control of machining processes. As demonstrated in this research, predictive controller 

can be very effectively used to control machine tools. Because of its advantages over 
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adaptive controllers, use of the proposed predictive controller would result in a more 

stable and robust machining system. In the following sections, recornmendations are made 

to overcome some of the pitfalls and shortcomings of the current work first and then a few 

future ideas are discussed based on the current research. 

As indicated in section 8.1, the bottleneck in implementing the proposed controller on the 

lathe machine has the processor speed. As an immediate extension of the present work, a 

faster on-board processor (such as Intel 80486, or Pentium type processors) can be used 

to study the performance of the GPKEC controller at longer predictions horizons and 

using higher order transfer function for machining dynamics (which would better represent 

the cutting process). Although the seIVomotor, which has been used to drive the feed 

mechanism, has a reasonably fast response characteristics, improvements on the controller 

perfonnance can be made by using a seIVomotor with even a faster response 

characteristics. 

Recursive least squares system identification technique has been used for the current 

research which is efficient in most applications. However, the identification process 

technique can be customized for this particular application in order to obtain a faster and 

more accurate estimation of the system parameters. 

The performance of GPKEC controller can also be improved by including an open 

architecture control scheme implementation. Two networked computers or programmable 

controllers and be used for this purpose. One computer would only perform the 

identification process and the other one would work as a controller. This way the 
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identification process would not block the controller time. This scheme would be even 

more appropriate if two or more machines are to be controlled. 

Accelerometers have been used to sense the chatter vibration in the current research. The 

Placement of the accelerometers may sometimes be troublesome (e.g. the sensor location 

may be inaccessible). Acoustical sensors (such as directional microphones) may be a 

cheaper and more convenient solution for such problems. 

The three dimensional model for the metal cutting dynamics developed in this research is 

based on the assumption that the tool and the workpiece masses are lumped at two fixed 

points. A more realistic 3-D model of the tool workpiece system can be developed based 

on the assumption that both tool and workpiece masses are distributed along their lengths. 

This would result in a better representative model for the metal cutting dynamics. 

Although it seems obvious that GPKEC would always result in a stable control system, a 

theoretical stability analysis of the closed loop control system would establish this fact 

firmly. 

The GPKEC controller developed in this research is based on a one dimensional dynamic 

model which appeared to be dominating model. However, it is possible that other modes 

of vibration becomes significant once the dominant mode is put off. For example, only tool 

motion is considered in the present research, but if the workpiece mode of vibration in 

depth of cut direction becomes independently unstable, the controller would not be able to 

suppress that. A multivariable predictive control strategy should be developed in order to 

control all modes of vibrations. 
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The proposed controller has been observed to be effective in suppressing lathe chatter 

vibrations. Since the principle of metal cutting dynamics for other machining processes 

(e.g. milling, grinding, etc.) is similar, the GPKEC control strategy is open to be used for 

these machining processes as well (may by with little or no modifications). 
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APPENDIX A 

A.I Recursive Least Squares (RLS) System Identification Technique 

The Recursive Least Squares (RLS) technique is appropriate for on-line identification of 

the system since it can identify the system at regular time intervals without significantly 

increasing the cost. A brief description of the RLS technique to identify a second order 

causal model is provided below. 

Let US consider the following model : 

roq-I + rlq-2 
-I -2 u(t), t = 0,1,2, ... 

1+ Poq + Plq 
y(t) 

where PO,Pl,'O,&lj are the unknown coefficients which are to be identified. Now letting 

Po -yet -1) 

B = PI ,& ¢(t) = -yet -2) 
ro u(t-l) 

1j u(t-2) 

Then 

y(t) = ¢T (t)8. 

Now for 't' pairs of data, the following matrix equation can be written, 

y(l) ¢T (1) 

y(2) ¢T (2) 

= B => yet) = ¢>(t)B 

yet) ¢T (1) 



Let pet) = [<I>T (t)<I>(t)rl . 

The recursive least squares estimate of 0 is then given by 

B(t) = B(t -1) + P(t)¢(t)[y(t) - ¢T (t)B(t -1)] 

where pet) is recursively estimated from the following equation 

pet) = pet -1) - pet -l)¢(t)[1 + ¢T (t)P(t -l)¢(t)rl ¢T (t)P(t -1) 

with 
P(O) = ai, whereCT > 0,&1 E Rdxd 

0(0) = 0 
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Now when the parameter vector varies 0 with time, the above scheme has to be modified. 

Two situations are possible. 

1. e varies slowly, and 

2. e varies rapidly. 

In case 1, the modified RLS algorithm is given by the following equations 

8(t) = 8(t -1) + P(t)¢(t)[y(t) - ¢T (t)8(1 - 1)] 

pet) = [I - pet -l)¢(t){ll +¢l(t)P(t -l)¢(t)rl¢T(t)] P(~-l) 

where A. is called "forgetting factor" and 0 < A. ~ 1 

In the second situation, the covariance matrix pet) is reset to a new value, i.e. P(O) = ai, 

where a is large when the prediction error exceeds a prespecified value such as 

I~(t) - ¢T (t)8(t -1)11 > M, where M is selected according to the requirements. 

A.2 Generalized Predictive Energy Function Control (GPEFq Algorithm 

In an energy function controller. a control is found such that the total energy in the system 

is minimized thereby stabilizing the system In what follows next, the GPEFC controller is 
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developed by combining the predictive feature of GPC and the energy feature of energy 

function controller. 

Here the following Diophantine identity is used 

1= E j (q-I )Ail +q-j Fj(q-I) (AI) 

where Ej&Fj are uniquely defined polynomials given A(q-I) and the prediction interval 

j. It can be shown that equation (AI) will have a unique solution only if the degree of the 

polynomial EJ(q-l) is 0-1). Therefore the degree of Fj(q-l) is same as the degree of 

A(q-:). 

MUltiplying both sides of the CARIMA equation by EjL\ql, we get 

EjAily(t + j) = EjBilu(t + j -1) + EJn(t + j) 

From equation (A.2) we have, 

E .Ail = l-q-J F 
J J 

Substituting (A.3) in (A2) we have, 

y(t+ j)=EjBilu(t+ j-I)+Fjy(t)+Ejn(t+ j) 

(A.2) 

(A.3) 

(A.4). 

Since E/q-I) has a degree 0-1), the noise components are all in the future in equation 

(A.2). Since future noise sequence is unknown and cannot be predicted, the optimal 

predictor of the output y(t+j) with known output data upto time t and any given sequence 

ofu(t) upto time (t+j-l) is given by 

yet + j) = G/~u(t + j -1) + Fjy(t) (A.S) 

where GJ (q-l) = E j (q-I )B(q-I). If B has a degree of nb and the maximum value of j 

(the prediction horizon) is N, then the degree of the polynomial Gj(q-l) is given by 

ng= j +nb-l 

with 

j = 1,2, .... ,N. 
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The recursion of the Diophantine equation is the same as in previous section except that 

the polynomial F;(q-I) has a degree ofna rather than (na-l). This is because the degree 

of polynomial A(q-I) is na. Therefore we can write 

Ej+1 (q-I) = Ej(q-I) + eJq-j, where 

and 

Fj (q-I) = fj.o + fj.lq-I + ....... + fj.""q-"" 

The recursion equations are then given by 
e =f.o J J. 

f j+l.i = fj.i+1 -ai+1ej,i = O,I, ... na. 

(A. 6) 

(A. 7) 

Again ej is the last coefficient of the polynomial E j+1 (q-I). The initial values of Ej&F; 

for j= 1 are given by 
EI (q-I) = l,and 

F; (q-I) = q(l- A(q-I» 

The principal difference between GPC and Generalized Predictive Energy Function 

Controller (GPEFC) lies in the choice of the cost function. While GPC is based on a 

Linear Quadratic cost function, GPEFC makes use of the predicted incremental energy 

of the system in the future as the cost function. This way while the predictive control 

minimizes the cost function, it also stabilizes the system at the same time. The cost 

function consisting of the total incremental energy is given by : 
N 

J(N) = E[ L y2 (t + j)+ (Yet + j)- y(t+ j_l)}2 + {&I(t+ j_l)}2 ] (A. 8) 
j=1 

Now let us examine the above cost function in light of machine-tool-workpiece dynamics. 

The first term in the cost function represents the future potential energy stored in the tool 

when the tip undergoes the displacement y(t+j) with respect to the workpiece. The second 

term in (A.8) represent the instantaneous kinetic energy of the tool tip as before. As can 

be seen this velocity is found by ta!':ing a backward difference of the displacements. 
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The third tenn is the incremental steady state kinetic energy of the tool, since flu(t + j -1) 

is the change in feed of the tool. 

Therefore the cost function represents the sum of the future incremental energies of the 

machine-tool-workpiece system upto time step j. Let us now consider each of the three 

tenns separately and find a matrix representation of the cost function. 

We first define the following set of vectors : 
Y = !y(t + 1),y(t +2), ....... ,y(t+N)f 

U = [.1.u(t), flu(t + 1), ........ , flu(! + N _l)]T 

Now rewriting equation (A3) tenn by tenn we have, 
yet + 1) = GI flu(t) + ~y(t) + Eln(t + 1) 

y(t + 2) = G2 flu(t + 1) + F2y(t) + E2n(t + 2) 

y(t+N) = GNflu(t+n-1)+FNy(t)+ENn(t +N) 

(A9) 

The optimal values of the future outputs are obtained when the noise tenns are dropped 

from equation (A9). There are past, present and future signal in (A9). Let us denote the 

past and present signals which are known at time t by f{t+j) in equation (A9). Then 

J(t + 1) = [GI (q-I)- go]flu(t) +~ (t) 

J(t +2) = q[G2(q-I)_q-l gl - go]flu(t)+F; (t) 

J(t + N) = qN-I[GN (q-I)_q-(N-I) gN-I _q-(N-2)gN_2-... -go]flu(t)+FN (t) 

where 

G ( -I) _ -I -2 -(j-I) -j -(j+l) -(j+nb-I) 
J q - go + glq + g2q +·····+gj-Iq + gj.jq + gj.j+lq +····+gj.j+nb-Iq 

(A10) 

Therefore we can write 



y=GU+f 

where 

f =[f(t+l),f(t+2),·····.··.,f(t+N)f 

Now first term in the cost function can be written in the following form 

Ly2(t+ j) =yTy= (GU + f)T (GU + f) 

Considering the second term 
N 

L[y(t + j) - yet + j - 1)]2 
j=1 

= [(GI&i(t) +(F; -1)y(t)}2 + {G2&i(t + 1)-GI&J(t) +(F; - F;)y(t)}2+ ..... . 

+{G.v&i(t+ N -1)-GN_I&J(t +N -2)+(FN -FN_I)y(t)}2] 

v = [{GI&i(t) +(F; -I)y(t)}, {G2&i(t + 1) -GI&J(t)+(F; -F;)y(t)}, ..... . 

, {GN&i(t + N -I) -GN_1&J(t + N - 2) +(FN - FN_I)y(t)}f 

Vj = [Gj&J(t +i -I) -Gj_I&J(t +i -2)] + (F; - F;_I)y(t) 
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(All) 

V, = {go&i(t+i -1)+(gl - go)&J(t+i -2) +(g2 - gl)&J(t+i -3)+.·.·+(gj_1 - gj_2)&J(t)} + 

{[(g;,; - gi-l.i-1)&J(t -1) + (gjJ+I - gj_Ij)&J(t -2)+······+(gjJ+1lb-1 - gj-IJ+1lb-2)&J(t -nb)] + 

[(J;.o - h-l.o)y(t) + (/;.1 - h-I.I )y(t -I)+ ...... +(/;.WJ - h-Im )y(t - m)]} 

The expression in the first curly brackets in VI represent the future signals and that in the 

second curly brackets represent the present and past signals. The future signals and past 

and present signals can be rewritten in matrix form as follows : 



Vj =GGj.U + GGp;.DUP+FF;.YPP 

Where 

GGj = [(gi-I - gi-2) (gj-2 - gi-3) ... (gl - go) go] 

GGp; = [(gi.i - gi-l.i-I ) (gi.i+1 - gi-l.i ) ... ... (gi.i+nb-I - gi-l.i+nb-2)] 

FF; = [U:,o - h-I.o) (/;,1 - /;-1,1) ... ... U:,M - Ii-I,M)] 

U = [&let) &let + 1) ... ... .1u(t +i -1)r 
DUP= [.1u(t -1) .1u(t - 2) ... ... &let -nb)Y 

YPP = [yet) yet -1) ... ... yet - nb)Y 

Therefore the vector V can be expressed as given below: 

v = (GG.U +GGP.DUP+FF.YPP) 

where 

GG= 

GGP= 

FF= 

go 

(gl - go) 

(g2-gl) 

(gN-I -gN-2) 

gl.1 

(g2.2 - gl,l ) 

0 

go 0 

(gl - go) -

(gN-2 - gN-3) 

gl.2 

(g 2.3 - gl.2 ) 

11.1 
(f2.1 - 11.1) 

0 

0 -
0 

go 

gl,nb 

(g2,nb+1 - gl,nb) 
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(A 12) 

(A. B) 

Let us caII ff = (GGP. DUP + FF YP P). Therefore the cost function can be written as 
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J(N) = E{(GU + f)T(GU + f) + (GG.u + ff)T(GG.U + ff)+uTU} 

= (GU + fl(GU + f)+(GG.U + ff)T(GG.U + ff)+UTU (A 14) 

There are three terms in the above expression for the cost function. It may be needed that 

they are weighted differently. So we choose three arbitrary diagonal weighting matrices p. 

Q, and R Equation (A 14) can then be rewritten as 

J(N) = (GU + fl P(GU + f)+(GG.U + fflQ(GG.u + ff)+UTRU 

Since this is an unconstrained minimization problem, to find the optimal control law we 

need to set the derivative of J with respect to U to zero. 
OJ(N) 0 

oU 
=> GT .P(G.U + f)+GG T .Q(GG.U + Jf)+R.U = 0 

=> UOPC = _(GT .P.G+GGT .Q.GG+Rrl (G T .P.f +GGT ·Q·ff) 

Therefore the predictive control law is given by 

u(t) = u(t -1) + gu 

where gu is the first element of 

_(G T
• P. G + GG'. Q. GG + Rr l (G T 

• P.f +GGT. Q.ff). 
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APPENDIXB 

B.1 Specification for the Precision Bench Lathe 

TABLE 7.1 : Enco Precision Bench Lathe 

Model: 92030 

Mfg. Date: May, 1984. 

Serial # : 841143 

Manufacturer: 

Enco Manufacturing Co. 

5000 W. Bloomingdale Ave, Chicago, IL 60639. 

Specification: 

Spindle Speed: 180 - 1100 RPM 

Feed: 0.0032 - 0.0919 inch/rev 

Minimum and Maximum TPI : 1 - 112 

Main Motor HP : 1.5 (Single phase) 
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B.2 Specification for the PM DC Servomotor 

PM Field DC Servo Motor Model: MT 3528 022BF 

Manufacturer: 

CMC Torque Systems, 8293 Middlessex Turnpike, Billerica, MA 01821-3954. 

Power Rating: 145 watt @ 1500 RPM. 

Voltage: 80 - 150 V DC 

Max. RPM : 4600. 

S ... a. Parameters Units Nominal Min Max 

Peak rated torque oz-in 1500 

Amps at peak torque amps 67 

Volts at peak torque, stall volts 47.5 

KT Torque sensitivity ozin/ amp 22.4 20.2 24.6 

RA Annature resistance ohms 0.51 0.43 0.59 

Kv Volts back EMF voltslkrpm 16.6 14.9 18.3 

Fv Viscous friction coefficient oz in/krpm 1.8 

TF Stat:c friction torque ozin 8 

TR Cogging torque at zero excitation ozin 3 

J~f Moment ofInertia (motor/tach) oz in sec2 0.025 

T~ Time constant, mechanical miIIisec 3.6 

TE Time constant, electrical millisec 2 

Tachometer sensitivity voltslkrpm 7.0 6.3 7.7 

Tachometer resistance ohms 100 90 110 



Calibration Curves for the Servomotor 
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7.00 8.00 

18.00 20.00 



B.3 Specification for the DAP Board 

Data Acquisition Processor 

Manufacturer: 

Microstar Laboratories, Inc. 

2265 116 Avenue N.E. 

Bellevue, W A 98004. 

Model 

Analog Input I Expansion 

Analog Output I Expansion 

Digital Input I Expansion 

Digital Output I Expansion 

AID Speed (KHz) 

DI A Speed (KHz) 

CPU Type / Speed (MHz) 

Dynamic RAM (KB) 

DSP (MHz) I SRAM (KB) 

PC Bus Interface (bits) 
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2400el6 

16/512 

2164 

16 1128 

16/128 

312 

312 

80186/20 

1024 

32/96 

16 
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B.4 Specification for the Accelerometer 

8608 Series Piezotron Accelerometer 

Manufacturer: 

Kistler Instrument Corporation 

75 John Glenn Drive 

Amherst, NY 14228-2171. 

Model 8608A50 

Range ±50 gO 

Sensitivity at 100 Hz, 10 germs 102.0 mV/gO 

Mounted Resonant Frequency 26.4 kHz 

Transverse Sensitivity 0.6% 

Bias Voltage 11.1 Voc 

Time Constant 1.2 s 

. 
9.807 m1s2 

0 
~ 
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