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The role of robots has been increasing in machining applications, with new concepts such
as robotic-assisted machining where a robot supports the workpiece while it is machined by
a machine tool. This method improves chatter stability to a certain extent. However, forced
vibrations or unstable vibrations such as chatter can still be a limiting factor for the productivity
and quality of the machining process. In this paper, the robotically assisted milling approach
is extended to consider an actively controlled robot arm, to suppress the chatter vibrations for
milling operation. To assess the feasibility of the method, a proof-mass actuator is assembled
on a beam structure that is representative of the robot system. The beam structure is designed
to exhibit two degrees of freedom in its structural dynamics, thereby emulating the robots’
dynamic response. The effect of active control is evaluated. Frequency domain results show that
the actively controlled robot arm increases the chatter stability and critical limiting depth of cut.
A range of active control methods are evaluated, namely direct velocity feedback (DVF), virtual
passive absorber (VPA), proportional integrated derivative (PID), linear quadratic regulator
(LQR), H infinity (H_) and p synthesis control. To validate the simulated frequency response
function (FRF) results, several experimental tests are carried out for each control method.
Furthermore, a time domain model is used to validate the stability lobe diagrams by detecting
the chatter boundaries with/without actuator force saturation. It is shown that the critical
limiting depth of cut can be increased by a factor of 2.6, compared to the scenario where
the robot has no active control applied.

1. Introduction

Regenerative chatter is the primary obstacle in machining processes. This form of machining chatter is a self-excited vibration
that results in high cutting forces, poor surface quality and accelerated tool wear [1].

The phenomenon can especially affect the thin-walled and flexible structures due to their low dynamic stiffness. To avoid chatter,
different modelling methods [2—4] can be used considering the dynamic response of the thin walled structure. For instance, Bravo
et al. [3] presented a method for prediction of stability lobe diagram (SLD) by updating Altintas’s method [5,6]. They developed a
3-dimensional SLD based on relative motion of the machine tool and flexible workpiece, however, the computational time is longer.
The prediction method has been validated by milling experiments. Campa et al. [4] studied bull-nose end mills to avoid chatter in
the milling of thin floors. They proposed an averaging method based on tool-path discretisation, prediction of modal parameters
by finite element method (FEM) and the SLD representation. Several cutting trials were conducted to validate the method. They
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concluded that selecting the stable spindle speed can be difficult due to the variation of modal parameters which may result in
uncertainty of SLD. In order to suppress the chatter, newly developed milling tools [7,8] can also be employed. Urbikain et al. [7]
proposed a time-domain method using a barrel type, curved end mill tool to improve the chatter stability. Considering the runout
and complex tool geometry, the prediction model was validated experimentally in flexible structure milling. Besides, taking into
account the accelerometer mass effect can be a solution to improve the SLD prediction in thin-wall component milling. Olvera
et al. [9] presented the effect of the accelerometer mass effect for the thin-walled structure. They compared the frequency response
function (FRF) using an accelerometer and a noncontact laser Doppler vibrometer (LDV) system. SLDs were estimated by using the
FRFs measured both accelerometer and LDV. It is concluded that the mass of the accelerometer results in SLD boundary deviation.

Additional damping, and other forms of structural modification, can also increase the regenerative chatter stability of a machining
scenario. A passive tuned mass damper [10,11] is one possible solution, but this approach often requires manual intervention within
the production process, and is unable to adapt its configuration based upon changes in the system’s configuration. The latter aspect
can be overcome by an active damping system [12].

In recent years, researchers [13,14] have proposed active control to suppress the chatter by using an inertial actuator. Direct
velocity feedback (DVF) has been extensively considered [15-17] since it is easy to implement. However, it can be influenced by
high frequency forces, necessitating a filter within the implementation electronics. Model based control methods such as the linear
quadratic regulator or H infinity control can be implemented to improve the chatter stability [18,19]. However, to conduct these
control methods, the dynamic response of the structure must be known to tune the control parameters [20]. Using u synthesis as
an active control method in machining has some benefits [21-23]. First, the controller can be designed to guarantee the stability
in terms of chatter. Second, the robust machining stability performance can be achieved regarding the actuator, machine tool or
the support structure uncertainties. In general, despite this previous research, active damping systems face practical problems when
used for chatter mitigation, due to the need for installation and configuration of the device within a production environment.

Robotic machining has been proposed recently because it offers advantages such as large reorientation capability, low cost, and
greater versatility. Verl et al. [24] presented recent work focusing on milling, turning, drilling, grinding and polishing. Although the
productivity is increased, there are still some challenges such as tool path accuracy, process control, and kinematics programming
to be overcome.

A more pragmatic approach is so-called robotic assisted machining [25-27], where robotic devices are used to increase
productivity without being part of the main material removal subsystem. For instance, as a mobile support application, Ozturk
et al. [28] used a robot to support the workpiece whilst the robot moves together with the cutting tool. Experimental results showed
that the form error decreased by implementing a moving support. However, only static form errors could be considered by the
approach, rather than the dynamic motion associated with regenerative chatter.

In this research paper, a mobile active vibration control method using a robot arm is proposed for milling operations. This seeks
to overcome the disadvantages of active vibration control methods by harnessing the automation capabilities of robotically assisted
approaches. The aim is to demonstrate the feasibility of the approach and to compare the performance of different vibration control
strategies. The remainder of the paper is organised as follows. First, the problem being considered is illustrated in more detail, and
a simplified dynamics scenario is defined. Time-domain and frequency-domain models of the system are introduced as these will
form the basis of the numerical study. Then, several candidate control systems are designed and the chatter stability is predicted for
each scenario. Simulation results are then validated against experimental vibration tests. The discussion section follows to explain
the performance differences between control methods; finally, conclusions are drawn.

2. Machining configuration

This section describes the ultimate objective of the robotically assisted chatter suppression method and then proposes a simplified
numerical scenario that is used as a feasibility study.

2.1. Robotically assisted active vibration control

The concept of robotically assisted active vibration control in milling is illustrated schematically in Fig. 1. Here, a six-axis
industrial robot is used to position an end effector against the machining workpiece. The workpiece is otherwise clamped in position
using traditional workpiece fixturing techniques. The robot is articulated to achieve positive contact pressure between the end
effector and the workpiece, in a similar fashion to previous work [28]. However, unlike previous work the end effector’s main
purpose is to impose dynamic forces upon the workpiece structure, by way of a proof-mass (or inertial) actuator, in order to increase
the chatter stability during machining. The forces acting at the interface between the robot, workpiece, and tool are depicted in
Fig. 1b. It can be seen that the proof-mass actuator force f,., will influence the total support force f,, but it should be noted that
this total support force can only be positive as the robot is not rigidly attached to the workpiece by the robot-workpiece interface.
However, this support force will also be influenced by the forces transmitted through the robot structure itself. Consequently, the
structural dynamics of the robot, and of the workpiece, need to be considered in order to design the control system for the inertial
actuator.

The objective of the present contribution is to explore solutions to this design problem and assess the potential performance
improvements, in terms of increased chatter stability. From a practical perspective, this solution would enable increased productivity
from the machining operation, because greater material removal rates could be achieved without causing chatter. Meanwhile, the
active controller and its robotic mount could be readily configured to re-deploy the active device, either at different locations on
the workpiece (e.g. as the machining location is moved), or on different workpiece/machining configurations.
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Fig. 1. Conceptual illustration of robotic assisted vibration control during milling. (a) side view; (b) top view, showing the cutting force f_, total support force
[, total proof-mass actuator force f,., and robot support force f,.
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Fig. 2. (a) Proof-mass actuator; (b) Frequency response function [29].

2.2. Robot and actuator specification

In order to assess the feasibility of the proposed approach, representative models of the robot arm and the inertial actuator
are required. For the present study, the model of the robot arm is motivated by the STAUBLI TX-90 industrial serial arm robot.
Meanwhile, to simulate the effect of active vibration control, an inertial actuator specification and dynamic model is required. It
should be noted that an inertial actuator is chosen as this approach is easily deployed on the robot’s end effector: the actuator can
achieve significant dynamic force control of the workpiece, but without changing the static force supplied by the robot manipulator,
and without requiring direct rigid connection to an inertial reference frame (i.e. the ground).

A schematic illustration of an inertial actuator model is shown in Fig. 2(a).

The actuator is modelled by a moving mass m, with a damper c, and spring k,. The mass is excited by an electromagnetic
force f,, pursuant to the voltage input v;,. The resulting force on the host structure is /.. The transfer function between the mass
displacement x, and the voltage input v;, can be written as,

X, (5) _ G\G,
V., (s) ml,,s2 +e5+k,

1)
where V;, is the Laplace transform of v,,, X, is the Laplace transform of x,, G, is the electromagnetic gain and G, is the power
amplifier gain [30]. The transfer function between the reaction force f,., and the voltage input v;, can be written as,

Faeds)  —GiGym,s? 52

= =g, =
A 2 . ) )
Vials)  mys? +c,5+k, 2+ 2 w,s + w?

(2)

where w, is the natural frequency, { is the damping ratio of the actuator and g, = GG, G, is the actuator gain [30].
In the present study, the parameters for the actuator are based upon the ADD-45 inertial actuator from Micromega Dynamics [29].
This actuator has a mode at 8.4 Hz and is capable of applying up to 27 N supporting force up to 2000 Hz. The frequency response
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Fig. 3. Simplified model of the active vibration problem. (a) Schematic diagram; (b) Lumped parameter representation.

Table 1
Structural parameters.

Preloaded structural parameters

Natural frequency 142.1 Hz
Damping ratio 0.88%
Stiffness 243x 10" N m™!

Flexible robot parameters

Natural frequency 23 Hz, 47 Hz
Damping ratio 4.3%, 2.9%
Stiffness 7.9%10° Nm™, 2x10° N m™!

function (FRF) of the actuator can be seen in Fig. 2(b). The actuator transfer function can be written as:

facl(s) = 52
Vin(s) 52 +15.834s + 2785.6

3)
2.3. Simplified model

This subsection describes a numerical model of the active vibration control problem, for the purposes of control system design
and performance/feasibility evaluation. The model parameters are based upon the properties of the physical systems described in
Section 2.2. The model configuration is shown schematically in Fig. 3. Here, a two degree of freedom beam structure which emulates
the flexible robot is pushed against a flexible workpiece. The beam structure is designed considering the most flexible modes of the
Staubli robot, which were previously identified [31] as 23 Hz and 47 Hz. The robot and structure parameters which are given in
Table 1, were identified by a tap testing. The workpiece in Fig. 3 is represented by a solid workpiece block that is mounted on a
flexure, with natural frequency, damping ratio and stiffness values of 142.1 Hz, 0.88% and 2.43 x 107 N m~!, respectively. The
robot—workpiece interface is assumed to be a rigid contact, and it should be reiterated that the robot is not firmly attached at this
location: with reference to Fig. 3, the contact force can only act to oppose the relative motion x; — x,. In this way, future work can
explore the experimental performance of the representative system, prior to deployment on a physical robotic/machining system
that exhibits a higher number of modes of vibration.

The equation of motion for the structure is:

(my + m3)¥y = —cy(%y — X)) — 3%, — cﬂ(xz - ,\"p) —ky(xy — x1) — k3xy — kp(xz - x,,) G i S 4)
3. Proposed control systems

The inertial actuator could implement any number of active vibration control schemes. Whilst there have been a large number of
active vibration controllers considered for milling chatter mitigation [19,32,33], the specific scenario being considered here has not
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Fig. 4. Direct velocity feedback (DVF) control. The dashed box depicts the desired behaviour of the proof-mass actuator.

been previously explored. Consequently, one aim of the present work is to assess whether different controller designs offer better
potential for the reduction of chatter, for example due to the impact of actuator saturation effects. Therefore, a range of candidate
controller designs are considered, namely: direct velocity feedback (DVF), virtual passive absorber (VPA), proportional integrated
derivative (PID), linear quadratic regulator (LQR), H-infinity (H_)) and u synthesis control.

However, each of these controllers requires the judicious choice of controller gains. In practice this tuning problem involves a
compromise whereby more aggressive tuning parameters may lead to actuator saturation effects. In the present the controllers are
tuned using an iterative optimisation method known as self adaptive differential evolution (SADE). This method is not in the scope
of this paper, but the theory and method are addressed elsewhere [34]. The objective is to seek the value of the gain(s) where
stability is maximised but actuator saturation does not occur. This is explained in detail in Section 4.1. First, for completeness, the
different control strategies are briefly introduced.

3.1. DVF (Direct velocity feedback)

Direct velocity feedback (DVF) acts as a viscous damper by implementing an actuator force proportional to the structure’s
velocity. The velocity of the vibration is required as a feedback signal; this is typically obtained by integrating an acceleration
measurement. This concept is depicted schematically in Fig. 4. The approach has been widely proposed by researcher [33,35,36]
due to its simplicity. However, optimisation is required to find the optimal value of feedback gain.

If the active control force is provided by an inertial actuator, the closed-loop characteristic equation of the system with the
actuator dynamics can be written as,

8aS”

1+ SausS G(s)=0 (5)

52+ 20w,s + cu%
where @,, ¢, g,, 4,7, G(s) are the natural frequency and damping ratio of the actuator, actuator gain, feedback gain and the system’s
transfer function, respectively [30].

3.2. VPA (Virtual passive absorber)

The Virtual Passive Absorber (VPA) control approach is depicted schematically in Fig. 5. The approach only requires modal
properties of the structure to be controlled, in order to choose the control system parameters (natural frequency and damping ratio).
The parameters can then be calculated using classical passive vibration absorber design strategies [37,38]. It has been shown that
the VPA control method can be used to suppress the chatter vibrations successfully [33]. In the present paper, the tuning method
proposed by Sims [11] is used. This algorithm, like many absorber optimisation algorithms, assumes a single mode of vibration.
Consequently, the controller performance may be degraded if the dynamic properties of the structure change dramatically or if
multiple modes of vibration are relevant to the chatter stability.

The closed-loop characteristic equation with VPA control can be described as [33],

2 M, s2(28 @5 + @)
Bt e T e sy =0 6)

52+ 2w,s + w% g,(2 + 20 0,5 + @?)

Here, u., ¢,, w, are the mass ratio, the damping ratio and the natural frequency of the absorber, respectively. M is mass of
the main structure. To compensate the actuator gain g,, the control dynamic is multiplied by g;'. The optimum passive absorber
parameters (natural frequency and damping ratio) can be calculated as [11],

w, 1 3u,
Ya _ =qfC 7
W, 1+ p, ba 8(1+u.) "
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Fig. 5. Virtual passive absorber (VPA) control. The dashed box depicts the desired behaviour of the proof-mass actuator.

where, w, is the natural frequency of the main structure. The mass ratio g, is optimised with the SADE algorithm as described in
Section 4.1.

3.3. PID (Proportional-integral-derivative)

Proportional integral and derivative (PID) control is well established [39], and its application to suppress chatter is reasonably
promising [40-42]. The closed-loop characteristic equation with PID control can be written as,

5

a5~

— —G(s5)=0 8
52+2§mps+m§ (5) )

1+ (g, + 80 + &pas?)

where g,,, g,,, £,, are the proportional, integral, derivative control gains, respectively, and are tuned using the SADE algorithm as
described in Section 4.1.

3.4. LQR (Linear quadratic regulator)

A Linear quadratic regulator (LQR) is an optimal feedback controller that minimises a quadratic performance index, the takes
into consideration the control input and the states. Two weighting matrices [30] must be chosen. The control method has been
successfully applied to improve chatter stability [18,20].

Consider a state-variable system

x=Ax+ Bu 9

where the A and B are the state space representation of the system. The LQR is a state space control method, which means that the
feedback is obtained by multiplying the state vector x(r) with a matrix K [30]:

u(t) = —Kx(1). (10)

To choose K, the cost function which needs to be minimised can be stated as:

[}
I= % (T Ox + u” Ru)di an
0

where Q is a positive semi-definite weighted matrix related to the state cost and R is a positive definite weighted matrix related to
the control cost. The parameters O and R are tuned numerically using the SADE algorithm in the present study. The state feedback
gain matrix can then obtained:

K=R'B"P (12)
where P is the symmetric positive definite solution of the algebraic Riccati equation:

PA+ATP+Q—-PBR'BTP=0. (13)
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3.5. H_, (H-infinity)

In H_, control, weighting matrices are added to the feedback loop of the structural model and the controller, in order to improve
performance and controller stability [43]. Recently, there have been significant efforts to apply H_, control method in machining
dynamics problems [19,22,44,45]. The approach is summarised in Fig. 6. Here, W, is the actuator weighting function, W, is a
weighting function to penalised the measured structural vibration, and G, is the actuator transfer function described in the previous
section. Single open loop model represents the generalised plant including the weighting functions, external disturbance (cutting

force f,) and the error signals ¢, and e, which need to be minimised to fulfil the control targets.

aci

The actuator weighting function can be configured as a high pass filter to stabilise the actuator force in a specific bandwidth:

,
h g
Woer = 5—F————~ (14)
82+ 20wy, + »,

where wy,, is 2z x 10 rad/s; slightly above the natural frequency of the actuator (8.4 Hz).

To penalise the structural vibration, the weighting matrix W, can be stated as [46]:

s

2z f,

st 8
2z fp

+1
W, =G (15)
1

where G, f|, f, are the control parameters to be tuned using the SADE algorithm.
3.6. u-synthesis control

A control system is robust if it is not sensitive to the differences between the model and the real system. These differences are
referred to as uncertainties [43], and they can arise due to issues such as sensor failure, system parameter variations, and actuator
dynamics. The control strategies introduced so far do not take into account these uncertainties, and yet such uncertainties are known
to have a detrimental effect on chatter control [47-49].

The, u synthesis control strategy can address this issue. The approach has been successfully applied by researchers [21-23] to
obtain chatter free milling processes. In the context of the present study, u synthesis control could help to avoid issues due to the
changing dynamics of the robot, if it is reconfigured or repositioned during the machining operation. Similarly, the strategy could
alleviate problems due to changing dynamics of the workpiece as material is removed. The u synthesis control strategy is shown
schematically in Fig. 7. Here, 4,., and 4, represent the uncertainties for the actuator and the main system, respectively.

The singular value of y is a tool for the robust performance analysis with a given controller [43]. The u synthesis problem is to
seek a controller which reduces the x condition iteratively. To find the optimal controller, The D — K iteration approach [50,51]
can be used to combine the H_, and y analysis approach. This iterative method solves a convex optimisation problem. However, the
D-K iteration approach can only consider the robustness of the system to dynamic uncertainties in the actuator, 4,,,. Consequently,
the approach can be extended to mixed uncertainty cases. Here, the D, G — K iteration procedure [52] obtains robust performance
taking into account real and dynamic uncertainties 4,,, and 4;,,. The iteration approach in general results in a high-order controller.
Hence, the controller reduction can be applied to implement the proposed controller in practice. In the present study, the Hankel
model [53] is used to reduce the order of the controller.
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4. Chatter stability modelling

Although the above-mentioned control strategies have been previously considered for active vibration control of chatter, this
prior work has not considered the robotically assisted approach described in Section 2. This issue is critical because the structural
dynamics of the robot, and the potential for loss-of-contact at the robot—workpiece interface, need to be considered. Consequently,
the present study will benchmark all of these control strategies within this context. To do so, two models of machining chatter will
be used.

The first approach is an analytical frequency domain prediction of chatter. This has the advantage of fast computation, however
the approach assumes linear system behaviour which can reduce the accuracy of the results. The second approach is time domain
modelling, which allows more complex nonlinear models of the mechanics, enabling more accurate results when actuator saturation
occurs. However, the computational cost is higher and less theoretical insight can be obtained with this approach.

In the present study the stability was predicted using Budak and Altintas’s method [5]. Details of this approach are outside the
context of the current contribution, but the theory and method is widely reported elsewhere [5,6].

For time-domain modelling, a Simulink model [54] for simulating robotically assisted milling is used. The computations are
carried out using a combination of Simulink [55] and a c-program that computes the milling kinematics. A feedback control method
is applied to suppress the vibration on the workpiece. The workpiece is modelled with two degrees of freedom which are in the x and
y directions. Only one direction is controlled and modelled in the present study. This direction is perpendicular to the feed direction
as illustrated in Fig. 3. The chip thickness, forces and vibrations in two directions and the actuator force can be calculated by using
the model. The system dynamics are modelled as transfer functions that represent the behaviour of the workpiece. Displacements
along with the feed rate are used to update the relative position of the tool and workpiece.

The main advantage of the time-domain approach is that actuator saturation effects can be considered when evaluating the
different vibration control strategies. Based upon the performance of the chosen actuator, the actuator force is limited at 27 N in the
present study. The disadvantages of the time-domain approach are that the model is more computationally intensive, the boundary
of chatter stability cannot be immediately determined, multiple simulations are required to assess this stability limit, and a suitable
criteria is required to identify the stability boundary. This stability boundary was determined based upon the nondimensional chip
thickness criterion [56]. Here, a non-dimensional chatter coefficient, #, is defined as:

d,max
n= ; ( )

s.max

where h . is the maximum chip thickness during dynamic time domain simulation, and A, is the desired chip thickness. The
threshold of chatter is set at 1.06 as recommended in [56].

4.1. Machining scenario and controller tuning

In order to investigate the performance of the active vibration control approach, chatter stability analysis and simulations are
performed using representative parameters for the cutting conditions. These are summarised in Table 2.

Two problems emerge when tuning the controller gain(s) and evaluating the performance of the different control strategies.
Taking direct velocity feedback as an example, the performance is theoretically improved by simply increasing the controller gain.
In practice, the first problem is that this can lead to nonlinear and suboptimal performance due to actuator saturation effects,
reducing the effectiveness of the controller at avoiding chatter. The second problem is that unmodelled modes of vibration, or
unmodelled actuator dynamices, can lead to control instability, as it is widely recognised in the active vibration control literature.
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Structural, machining and simulation parameters.
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Preloaded structural parameters

Machining parameters

Natural frequency 142.1 Hz
Damping ratio 0.88%

Stiffness 2.43% 10" N m™
Flexible robot parameters

Natural frequency 23 Hz, 47 Hz

Damping ratio
Stiffness

4.3%, 2.9%
79% 105 Nm™, 2x 10° N m™!

Time domain simulation parameters

Iteration per revolution

512

Tool diameter
Number of teeth
Tool helix angle

Material

Cutting stiffness K,
Cutting stiffness K,
Milling type

Radial depth of cut
Feed per tooth

16 mm

4

30°
Al-7075-T6

205 % 10 N m~—
768 x 10° N m™>
Down milling

Half immersion

0.05 mm

Number of tool cycle 50
Sample per iteration 8
Axial tool layers 30

1 - ]
A [—Preloaded workpiece SLD
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40
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T

n
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1
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Spindle Speed (rpm)

Fig. 8. Uncontrolled, preloaded workpiece SLD.

In the present study, the first problem is addressed by using a structured approach to controller tuning, in order to fairly compare
all of the controllers (in simulations) whilst accounting for saturation affects. Following this, the second problem is addressed by
performing experimental structural dynamics testing to evaluate the performance of the control systems.

4.1.1. Tuning approach

The tuning approach begins by considering the stability lobe diagram for the uncontrolled structure, as shown in Fig. 8. Here,
the stability boundary is plotted as a function of spindle speed and axial depth of cut. It can be seen that the critical limiting depth
of cut is approximately 1 mm: below this, no chatter can occur. This stability limit applies, for example, when the spindle speed is
2700 rpm. Meanwhile, the so-called lobes lead to regions of higher stability, one of which occurs near 2100 rpm that is the peak
spindle speed of SLD. However, at 2100 rpm the forced vibrations are much higher since the excitation frequency is close to the
natural frequency of the uncontrolled structure.

Two tuning scenarios are considered, and these are referred to as the maximum depth of cut (b,,,,) tuning and the critical limiting
depth of cut (b,,;,) tuning. In b, tuning, the objective is to maximise the depth of cut b = b, at the peak spindle speed without
causing instability, whilst simultaneously ensuring there is no actuator saturation. The peak spindle speed is defined as the spindle
speed corresponding to the highest depth of cut, as illustrated on Fig. 8. It should be noted that the peak spindle speed can be
shifted slightly as the controller gains are adjusted. From a practical perspective, this enables the maximal material removal rate by
harnessing the ‘lobe’ effect observed in the stability lobe diagram.

In b, tuning, the objective is to maximise the critical limiting depth of cut, » = b_,;,. However, the constraint is to ensure no
saturation at b = b, at the peak spindle speed. From a practical perspective, this enables maximal material rate regardless of the
chosen spindle speed. The saturation constraint is still applied at the peak spindle speed because this condition is more likely to
exhibit significant forced vibrations and is therefore considered to be a ‘worst case’ scenario for the onset of saturation.
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Table 3
Tuning parameters.
Control method Tuning parameters
Direct Velocity Feedback (DVF) Eavf
Virtual Passive Absorber (VPA) He
Proportional Integrated Derivative (PID) s sl
Linear Quadratic Regulator (LQR) o, R
H Tnfinity (H,,) G T ki
# Synthesis Gy f1s /o
Table 4
Control effect on critical limiting and maximum depth of cut.
Control method b, (mm) by (mMm)
Base structure 0.8 27.2
Uncontrolled 1.2 45.1
b,,;, tuning b,y tuning
by (mum) Bygy (mm) by (mm) g (mm)
DVF 3.2 47.2 2.3 46.6
VPA 2.5 46.5 1.8 46.3
PID 3.2 47.3 2.3 46.6
LOR 3.2 47.2 2.3 46.6
H_ 31 46.2 2.6 46.3
u synthesis 31 46.7 2.6 46.7

As mentioned previously the SADE algorithm is used to perform this numerical optimisation. SADE is a population based global
optimisation algorithm where the fitness of each candidate solution is evaluated. The optimisation problem is implemented as
follows, for the two respective scenarios:

For each candidate, the input to the optimisation problem is the set of controller gains, as summarised in Table 3. For example,
only the scalar value g,,,, is tuned for the direct velocity feedback scenario. The frequency domain analysis is first used to determine
the peak spindle speed and b,,,, (or b,,;). A time domain simulation is then run at the peak spindle speed. If saturation is observed
(defined as an actuation force exceeding 27 N) then this candidate solution is assigned a fitness of zero. If not, the fitness is assigned
a value equal to b,,, (or b,;). Consequently, the iterative optimisation algorithm will seek the controller gains which provide the
maximum value of b,,,, (or b.,,) without inducing actuator saturation.

Once this tuning step is completed, the full stability of the controlled system is simulated for all spindle speeds. The time-domain
approach is used to fully consider any actuator saturation effects, which might still arise at spindle speeds different to that used
for the tuning process. Spindle speeds from 500 to 3000 rpm are explored at 100 rpm intervals, while the depth of cut is chosen
with 0.1 mm intervals. In addition to identifying the onset of chatter stability, the simulations are used to determine the onset of
actuator saturation effects. At each spindle speed, the depth of cut where actuator saturation first occurred was recorded. Actuator
saturation was considered to occur when the actuator force exceeded 27 N.

5. Simulated results for chatter stability

Chatter stability predictions for the b,,;, tuning scenario are shown in Fig. 9. In this scenario, the control objective is to maximise
the limiting critical depth of cut, which can be considered as the ‘least stable’ machining scenario that is independent of the spindle
speed. It can be seen that all the controllers achieve a substantial increase in this stability boundary. However, the time domain
simulations indicate that all of the control strategies suffer from actuator saturation effects within the area that would normally
have been a stable ‘lobe’ region near 2100 rpm. A possible consequence of this saturation is that the maximum stable depth of cut
is reduced, as the controller becomes unable to deliver the necessary force to the structure.

The predicted stability boundaries for b,,,, tuning are shown in Fig. 10. In this scenario, the aim is to maximise the high possible
stable depth of cut whilst also avoiding actuator saturation. It can be seen that all of the controllers perform similarly and that there
are only small improvements in the maximum stable depth of cut. However, at other spindle speeds the relative improvement in
stability is better, for example at 3000 rpm the limiting critical depth of cut is increased from 1.3 mm to 2.7 mm. This illustrates
how actuator saturation effects can become very significant when considering the design of active vibration control regimes for
chatter avoidance.

To summarise these results, the comparison of critical limiting and maximum depth of cut are given in Table 4, and the
corresponding tuning parameters are listed in Table 5. With reference to Table 4, two benchmark comparisons are provided. The
‘base structure’ benchmark gives an indication of the stability of the original workpiece and flexure (as denoted in Fig. 3). The
‘Uncontrolled’ benchmark gives an indication of the stability when the beam and robot interface are considered, even with no
control force applied to the proof-mass actuator. This latter scenario is the benchmark that was presented in Figs. 9 and 10.
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controlled case, using the time domain simulation. (a) Direct Velocity Feedback, (b) Virtual Passive Absorber, (c) PID control, (d) LQR control, (e) H,, control,
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Table 5
Control parameters for the critical limiting and maximum depth of cut.
Control method b, tuning Doy tUNING
DVF g = 235 g =135
VPA u =0.002, £ = 0.027 u = 0.0004, ¢ = 0.013
PID Bpa = 1% 107, g, =236, g, = 1x10* e =752% 1075, g, =129, g, =425% 10°
LQR Q, =67933, R=0024 Q, =9219.8, R =0.065
H,, G, =47x10°, f, =2527, f, =558 G, =53%10°, f, =462.8, f, = 40.6
u synthesis G, =19x10", f, =2659, f, =437 G, =17x107, f, =303504, f, =3.02
Acceleration Acceleration

Shaker

Flexible
Workpiece

Control Voltage

PC

Control PC

Fig. 11. Test setup for the experimental FRF measurement.

6. Experimental validation — frequency response function testing

To validate the simulated FRF results, several experiments are performed using a test setup shown in Fig. 11. The flexible
workpiece is clamped to the base and an electromagnetic shaker is used to excite the workpiece by a harmonic chirp signal. The
actuator and flexible arm are adjusted so that they exert a preload force against the workpiece. A force sensor and an accelerometer
are mounted to measure the frequency response of the workpiece, and its response is processed using LMS software. To suppress
the vibration, the acceleration of the workpiece is measured and converted to velocity/displacement to apply each control method
using Simulink software. A multi-channel I0-card (NI PCIe-6321) is used for the feedback control system, using a sampling period
of 50 ps. A control voltage is sent from the control PC in real-time to drive the actuator once the acceleration of the workpiece is
processed by the controller.

The resulting performance is compared to the theoretical predictions in Fig. 12.

All the experimental FRF results match well with the simulated FRF results, although some additional modes of vibration are
observed in the experimental data at higher frequencies. These could be associated with unmodelled modes of vibration or actuator
dynamics.

7. Discussion

Some aspects of the results merit further discussion. First, there are some nuances of u-synthesis control worth considering,
particularly regarding uncertainties. In the present study, 20% dynamic (frequency-dependent) uncertainty (4,.) was added to the
actuator around the natural frequency of the flexible workpiece. Meanwhile, 20% parametric (real) uncertainty (4,,,) was added
to the modal parameters of the structure. The resulting optimised control parameters were given in Table 5. The bode diagram for
the nominal system, with only actuator uncertainty and with the all uncertainties is shown in Fig. 13. Since the uncertainties are
the dynamic and parametric uncertainties, D, G — K iteration procedure was used to find the optimum x value. The controller can
tolerate 1/ times more uncertainty and yields the performance target. The same controller gains chosen for H,, control can be
used adjusting the uncertainty percentages until the y value gets close to 1. Instead of using the same gains, the controller gains
are optimised using SADE algorithm in order to keep the uncertainties fixed as suggested in the literature [43].

To implement the proposed method in practice would require a serial arm robot instead of the simplified flexible structure
depicted in Fig. 3(a). This robot could exhibit additional modes of vibration in addition to those that were considered in the
model and design process. Consequently, further frequency response function testing would be needed to ensure that these modes
of vibration did not destabilise the active controller.
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However, the real robot would then be able to reposition the contact point between its end effector (including the proof mass
actuator) and the workpiece. This would enable new possibilities for adaptive control of the workpiece as the machining operations
progress along the workpiece surface. As material is removed from the workpiece, controller re-tuning may also be required.
Furthermore, the contact location of the tool on the workpiece will also change as material is removed. This could be an aspect
where u synthesis control becomes more beneficial, to cope with the associated uncertainties.
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In the present study, Altintas and Budak’s zero-order approach is chosen for predicting chatter stability boundaries as it is a
widely accepted, fast, and accurate method. Even though the same chatter boundaries are obtained by other chatter models such as
homotopy, Chebyshev polynomials [2], semi or full-discretisation methods [32], they could be used to predict the chatter boundaries.
Nonetheless, choosing a different prediction method would result in longer computation time for chatter boundary prediction and
optimisation of the controller parameters.

A risk with the proposed method is that loss of contact may occur between the robot end effector and the workpiece itself. This
can be avoided by adjusting the robot position to ensure a static pre-load force that exceeds the amplitude of the dynamic forces
generated by the proof mass actuator. However, in practical machining scenarios the forced vibrations from the machining process
could also induce loss-of-contact. This would cause nonlinear behaviour and degrade the performance of the active control system.

The actuator bandwidth is another aspect to consider. If the workpiece and chatter frequencies exceed the bandwidth of the
actuator then the chatter stability will obviously not be improved. However, in these scenarios the onset of chatter is less likely due
to the process damping phenomenon [57].

Finally, with the proposed method the system design could choose different types of contact between the robot end effector and
the workpiece. In the present study a rigid metallic contact was chosen. However, alternative contact configurations could be used,
potentially including a rolling contact to enable continuous motion of the end effector during machining. Such changes would also
impact on the controllability of the system, as they would change the transmission of force between the proof mass actuator and
the workpiece.

8. Conclusion

A novel configuration of robotically assisted milling has been proposed that seeks to improve the chatter stability by using active
vibration control. The feasibility of this approach has been assessed using a simplified scenario, and the main conclusions that can
be drawn are:

+ The limiting critical depth of cut (b,,;) can be increased by a factor of 2.6, compared to a system with no vibration control,

and by a factor of 4 compared to a system with no robotic assistance/additional support.

Many standard control methods (DVF, VPA, PID, LQG, H_ and p synthesis) are effective in achieving this performance

improvement, and that there is no significant difference in performance between the different control strategies.

The practical performance is limited by actuator saturation effects, owing to the high amplitudes of forced vibration that occur

during milling. This actuator saturation needs to be carefully considered when tuning the control system gains. As a result of

the actuator saturation, the maximum possible depth of cut (b,,,,) was not substantially improved even though the limiting

critical depth of cut (b,,;,) was increased considerably by a factor of 2.6.

+ In the present study, controller tuning was achieved using numerical optimisation methods, combined with analytical and
time-domain predictions of the system performance. In future work, alternative methods for tuning could be explored in order
to avoid actuator saturation from a theoretical basis.

To conclude, the proposed approach has been shown to be a feasible method for improving the stability of milling based upon
robotically assisted milling concepts. Further work is needed to demonstrate this in practice.
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