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Adaptive control to actively damp
bistabilities in highly interrupted turning
processes using a hardware-in-the-loop
simulator
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Abstract

Interruptions in turning make the process forces non-smooth and nonlinear. Smooth nonlinear cutting forces result in the
process of being stable for small perturbations and unstable for larger ones. Re-entry after interruptions acts as per-
turbations making the process exhibit bistabilities. Stability for such processes is characterized by Hopf bifurcations
resulting in lobes and period-doubling bifurcations resulting in narrow unstable lenses. Interrupted turning remains an
important technological problem, and since experimentation to investigate and mitigate instabilities are difficult, this paper
instead emulates these phenomena on a controlled hardware-in-the-loop simulator. Emulated cutting on the simulator
confirms that bistabilities persist with lobes and lenses. Cutting in bistable regimes should be avoided due to conditional
stability. Hence, we demonstrate the use of active damping to stabilize cutting with interruptions/perturbations. To stabilize
cutting with small/large perturbations, we successfully implement an adaptive gain tuning scheme that adapts the gain to
the level of interruption/perturbation. To facilitate real-time detection of instabilities and their control, we characterize the
efficacy of the updating scheme for its dependence on the time required to update the gain and for its dependence on the
levels of gain increments. We observe that higher gain increments with shorter updating times result in the process being
stabilized quicker. Such results are instructive for active damping of real processes exhibiting conditional instabilities prone
to perturbations.
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(Kalmar-Nagy et al., 1999; Shi and Tobias, 1984). Since
interruptions are perturbations, it is likely that bist-
abilities may co-occur with Hopf and period-doubling
bifurcations. Mitigating instabilities in interrupted turn-
ing remains an important and unaddressed technological
problem (Seguy et al., 2014; Urbikain et al., 2014).
Accordingly, the main aim of this paper is to investigate
and mitigate bistable behaviour co-occurring with bi-
furcations in highly interrupted machining.

I. Introduction

Turning of gear teeth or shafts with grooves and keyways
are examples of processes that are interrupted. When the
ratio of the time spent in cutting to the spindle period is
small, these processes are deemed highly interrupted. If,
during such interrupted processes, the tool and/or the
workpiece is flexible, the intermittent excitations may result
in self-excited unstable vibrations due to the regenerative
effect, that is, due to the Hopf bifurcation. In addition, in
highly interrupted turning, sometimes there is an addi-
tional loss of stability due to period-doubling bifurcations
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resulting in stability lenses (Corpus and Endres, 2004;
Stépan et al., 2005; Szalai and Stépan, 2006). Further-
more, the interruptions make the cutting forces non-
smooth (Zanka et al., 2010), and nonlinear (Chen et al.,
2015; Corpus and Endres, 2004; Stépan et al., 2005; Szalai
and Stépan, 2006). The smooth cutting force nonlinearities
make the process unstable for large perturbations, while for
small ones, it remains stable, thus forming a bistable region
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Stability of interrupted cutting has been studied for turning
and for low radial immersion milling processes. Robust
numerical methods using the semi-discretization technique
(SDM) (Insperger and Stepan, 2004) and/or closed-form
analytical formulae have shown being capable of predict-
ing Hopf and flip bifurcations in interrupted cutting processes
(Davies et al., 2002; Szalai and Stépan, 2006). Models can
predict bifurcations, and stability lenses in milling have been
shown to exist experimentally (Bayly et al., 2003; Corpus and
Endres, 2004; Davies et al., 2002). Even though stability of
interrupted turning processes has been theoretically examined
by many (Corpus and Endres, 2004; Stépan et al., 2005;
Szalai and Stépan, 2006), and experimentally by some
(Seguy et al., 2014; Urbikain et al., 2014), conclusive ex-
perimental proof for bistabilities co-occurring with lenses in
interrupted turning remains elusive. Providing such proof is
one of the small contributions of the current work.

Since cutting in bistable regions should be avoided,
analytical models established for finding the location and
size of these bistable regions are useful (Dombovari et al.,
2008; Molnar et al., 2019). If cutting is still desired to be
carried out at parameters that lie within the bistable region,
active damping schemes may help stabilize an otherwise
unstable process. However, for processes that are nonlinear,
bistabilities persist with traditional implementations of
active damping schemes (Sahu et al., 2021). To stabilize
cutting with small/large perturbations in the presence of
process nonlinearities, the use of other robust and/or
adaptive control schemes may be necessary which has
been demonstrated in the current paper.

Robust active control of machine tool vibrations has
been shown to be effective to mitigate instabilities due to
changing and nonlinear dynamics (Abele et al., 2016; Zaeh
etal., 2017). Adaptive control has also shown to be effective
to mitigate chatter instabilities (Claesson and Hakansson,
1998; Fallah and Moetakef-Imani, 2019; Kleinwort et al.,
2018). However, since these previous uses of robust and/or
adaptive control schemes required dynamical models of the
machine tool and the process, they are less suited for in-
dustrial implementation, which prefers the simple to im-
plement non-model based schemes (Chung et al., 1997;
Cowley and Boyle, 1969; Mancisidor et al., 2015b; Munoa
et al., 2013). Even though different model and non-model
based active damping solutions have been effective, control
techniques to eliminate bistabilities in the presence of
interruptions/perturbations remain unexplored and will be
addressed herein.

Since characterizing instabilities to mitigate them on real
machines involves several (in)stability experiments that are
difficult and those which could potentially damage the
machine tool system, we prefer to emulate these phenomena
on a hardware-in-the-loop (HiL) simulator. The main goal
of the present HiLL simulator is to emulate chatter in the
presence of cutting process-nonlinearities and devise
strategies to mitigate it. It is not the aim of emulations on the

HiL simulator to be compared with the real cutting pro-
cesses, but instead to guide cutting parameter selection and
detection and suppression of chatter during real cutting. HiL
simulators for emulating cutting process stability consist of
a hardware layer approximating a flexible workpiece and an
actuator that emulates real-time regenerative cutting forces
estimated in the software layer. Previous uses of HilL sim-
ulators have proven useful to emulate stability in turning and
to test various active damping control strategies (Ganguli
et al., 2005; Mancisidor et al., 2015a; Sahu et al., 2020;
Stepan et al., 2019). Period-doubling bifurcations occurring
in low radial immersion milling have also been successfully
emulated on a HiL simulator (Ganguli et al., 2006), as have
bistabilities with different nonlinear force characteristics
(Sahu et al., 2021). Though period-doubling bifurcations and
bistabilities have previously been separately emulated on HiL
simulators, their potential co-occurrence in highly interrupted
turning remains unexplored — something this paper aims to
address. Furthermore, to stabilize cutting with small/large
perturbations in the presence of process nonlinearities, we
implement a non-model based adaptive controller using
velocity feedback, which we prefer, for it has been shown to
be better than acceleration, delayed acceleration, and/or
delayed displacement feedback (Mancisidor et al., 2015b;
Munoa et al., 2013; Sahu et al., 2020).

The remainder of the paper is structured as follows: in
Section 2, the mechanical model of interrupted turning
with nonlinear force characteristics is described. We also
discuss the linearization of the resulting nonlinear delay
differential equations (DDE) about the mean chip thick-
ness. This section also discusses finding the globally
unstable limit using the SDM (Insperger and Stépan,
2004), and finding the globally stable limit using ana-
lytical closed-form formulae (Molnar et al., 2019). The
HiL simulator is described in Section 3. Section 4 presents
emulated results on the HiL simulator and compares them
with model predictions, and we show how bistabilities
persist with lenses. Section 5 presents an adaptive control
technique to eliminate bistable behaviour in the case of
highly interrupted turning processes. Main conclusions
follow these discussions.

2. Mechanical model of interrupted
turning with cutting process
nonlinearities

The mechanical model of an interrupted turning process is
shown in Figure 1. We follow the model presented in Szalai
and Stépan, (2006). We limit our investigations herein only
to the case of a single interruption. For simplicity, the tool is
assumed to be rigid, and the workpiece to be flexible in the
feed direction. This makes it akin to a single degree of
freedom system.
From Figure 1, the governing equation of motion is
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Figure 1. Mechanical model of simple interrupted turning process.

(1) + 2Lo,%(t) + wpx(t) = Fi(1)

O]
wherein m, { and w, are the modal mass (kg), the damping
ratio and the natural frequency (rad/s) of the workpiece,
respectively. The cutting force, F¢(¢), is described by the
product of a cutting force coefficient, depth of cut (b), and
the total chip thickness (A(¢)), that is, F¢(t) = bf(¢),
wherein f'(¢) is assumed to be nonlinearly dependent on the
chip thickness as (Corpus and Endres, 2004; Kalmar-Nagy
et al., 1999; Kienzle, 1952)

f(t) =Keh(t)', @

wherein Ky and v are empirically determined coefficients.

For the case of a single interruption in a revolution, the
angle of the cutting zone is 2mp, wherein p is cutting ratio,
that is, the ratio of the time spent in the cutting zone to the
spindle period. To track the instantaneous cutting force
becoming zero in the non-cutting zone, a screening func-
tion, g(6(¢)) is introduced in F¢(t) as

Fi(1) = g(6(2)) b/ (1), (©)
wherein g(6(¢)) is

)1 0<6<2mp
g("(’))—{o 2np<0<2x(1 —p). @

The instantaneous angular position (6(¢)) of the workpiece with
respect to time can be tracked as: 0(¢) = (2nN /60)¢ + 21t/ Np,
wherein N is the spindle speed in rpm and Np is number of
interruptions, which is one in the present case.

Since the cutting forces excite the workpiece that is
flexible, vibration marks are imprinted on the workpiece
surface as a wavy profile. As the workpiece rotates, the tool
encounters the wavy surface generated in the earlier rev-
olution. This regenerative phenomenon is shown sche-
matically in Figure 1. Due to the interactions, the total chip

thickness depends on the specified chip thickness, g, and
the vibration of the current (x(¢)) and previous revolu-
tion(s) (x(¢ — 7)), and can be calculated as: A(t) = ho—
x(t) +x(t — ), wherein 7 = 60/N is the period of one
revolution in seconds. If vibrations are large, the tool may
jump out of the cut. The loss of contact between the tool and
the workpiece results in the force becoming zero, that is,
F¢(¢) = 0 when A(¢) <0. This self-interruption in the cutting
process may occur along with the inherent parametric in-
terruption, and further leads to multiple regenerative effects
and saturation of chatter amplitudes (Tlusty and Ismail, 1981).

We assume that the workpiece vibrates with a form of
x(t) = xp(t) + £(¢), wherein x,(¢) is the amplitude of vi-
bration in the chatter free condition and &(¢) is the vibra-
tional amplitude of the workpiece after any perturbation from
xp(t). Due to 7 -periodicity, it follows that x,(¢) = x, (¢ + 7).
Substituting this form of x(¢) in equation (1) and using the
nonlinear form of the force in equation (2), the resulting
equation of motion becomes a nonlinear DDE

5 (1) + 200,% (1) + ofxy (1) + E(t) + 20w, E(1)

() = 2L g(0(0) o + E(0 1) — £(0)"
®)

The nonlinear force in this DDE is first linearized using
a Taylor series up to first order approximation about the
mean chip thickness (Sahu et al., 2021), and the linearized
form of equation (5) in ¢ becomes

&) + 2 (1) + 022(0) = 2 g(0) (&~ 1) ~ 1) (6)

wherein, ¢(t) = g(0(¢))Kevhy .

Equation (6) is solved for stability using the semi-
discretization method (SDM) (Insperger and Stépan,
2004), in which we first transform the linearized DDE
(equation (6)) to its first order form as given below
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E(1) = A(1)E(1) + B(1)&( — 7), ™
0 1
where in  A(?) = B <oo§ +q(t)b) e, ,B(t) =
m
0 0
q(t)b . In SDM, the stability of the system is
m

obtained by estimating the eigenvalue of the resulting
transition matrix from equation (7). The critical stability limit
of the system is obtained when the modulus of eigenvalue is
unity. Stability is characterized by probing different depths of
cut for different spindle speeds under consideration. The
stability boundaries thus obtained correspond to the global
unstable limits and include both lobes and lenses.

Global stable limits are obtained using closed-form
formulae (Molnar et al., 2019) in which, if the global un-
stable limit is by, and if the size of the bistable region is
Ryist, then the global stable limit (byis) of the bistable region
can be estimated as

byist = (1 — Ryist) Diim- (®)
The size of the bistable region is (Molnar et al., 2019)
n I'(v+2
Ry =1 v I ) O]

L)

wherein T is the Euler gamma function, and v is the same
cutting exponent as in equation (2).

Having described the mechanical model for interrupted
turning and having discussed methods to solve for the
globally (un)stable limits, we now discuss the use of the HiL
simulator to emulate the same.

3. Hardware-in-the-loop (HiL) simulator

The HiL simulator contains a hardware and a software
layer as shown in Figure 2. These layers interact with
each other in a closed-loop sense to emulate the physics
of cutting tool-workpiece interactions. The HiL simu-
lator platform used herein is the same as reported in

Hardware layer

Accelerometer,
(MEGGITT, 44A16-1032)

————— Active damping - controller 1

Load cell,

(Dytran — 1051V4) (B&K, Type: 4824)

Software layer

Data logging

Primary shaker,

ADC

(N19234)

5% (t) [ Amplifier,e,
R N SRS .
P O ——————— S
i | Digital "
i | filters .
: I
s ECOTE Fact (t) |
:| Numerical |%¢(t)! Lag Gain tuning | ! .
| integration | . [: I'| compensator scheme I _f(c)
B Semme————— N
x¢(t) Lead SLS h(t) Force
By compensator algorithm | =4+ | calculation

Figure 2. Block diagram of the hardware-in-the-loop simulator for turning process.
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Sahu et al. (2020, 2021). Hence, for details, the in-
terested reader is directed there.

The hardware layer includes two shakers. The primary
shaker has a force capacity of 100N, and its power amplifier
is operated in the DC voltage mode. The secondary shaker
has a force capacity of 45N, and its power amplifier is
operated in the AC voltage mode. The primary shaker
applies a simulated regenerative cutting force on the flexure,
and the secondary shaker applies an active damping force to
the same flexure (see Figure 2). Both shakers are fixed on
a rigid table and are connected to the flexure via stingers.
The length of the stingers and boundary conditions of the
shaker are chosen such that the shaker’s dynamics have
minimal influence on the flexure. Shakers are also operated
such that they do not saturate in stroke and/or current. The
flexure is designed and observed to act like a single degree
of freedom system emulating a flexible workpiece. The
modal parameters of the flexure are identified to be m=16.57
kg, k = 9.1737x 10 N/m,{ = 0.29 %and f, = 118.4 Hz.
Force-voltage characteristics of both shakers were evaluated,
and the primary shaker was observed to have a gain, gy, of
0.06 V/N and the secondary, a gain, gy, of 0.028 V/N.
Frequency-phase characteristics of the shakers were used to
estimate a delay attributable to the shaker(s).

The software layer is written in NI LabVIEW and in-
cludes data acquisition and digital filtering of acquired
acceleration signals. The software layer also calculates the
total chip thickness using a forward Euler based real-time
numerical integration scheme in which displacements are
obtained from accelerations. Regenerative forces are cal-
culated in the software layer from the estimated chip
thickness, and active damping forces are estimated from
velocities. The software layer runs at the rate of SkHz, and it
includes real-time display and data logging for post-
processing of acquired data. Signal processing in the
software layer also contributes to a delay — which along with
the delay due to the hardware layer, are compensated as
detailed in Sahu et al. (2020, 2021). Multiple regenerative
effects and basic nonlinearities of tool jumping out of cut are
incorporated in the software layer using an efficient surface
location storage — details of which are available in Sahu
et al. (2021). The calculated real-time regenerative cutting
force (Fr(¢)) and active damping force (F,(f)) are con-
verted to voltage signals v(¢) and v, (¢), respectively, and
supplied to their respective power amplifiers using a digital-
to-analogue device.

4. Emulating bistability and lenses

This section describes the experimentally emulated be-
haviour on the HiL simulator. For the force model, we
assume a power of v = 0.41 (Kalmar-Nagy et al., 1999) and
take the coefficient to be Ky = 2x10° N/m!*" that cor-
responds to cutting a typical hardened steel. We emulate
cutting behaviour for a mean chip thickness of 7o = 10 pm

and check for bistabilities in lobes and lenses for a cutting
ratio of p = 0.2.

The procedure to experimentally identify the globally
unstable limit is as follows: first, at a specified depth of cut
(b), spindle speed (N) and static chip thickness (%), we
perturb the flexure with a static load proportional to the
static chip thickness. If in response to this perturbation, the
measured displacement signal decays, the system is said to
be stable. We then sequentially increase the depth of cut in
steps of 5 um. If the amplitude of displacement signal
increases such that it saturates at finite amplitudes and if the
calculated cutting forces in the cutting zone become zero at
certain time instants due to the tool jumping out of the cut
phenomenon, then the system is said to be unstable. The
corresponding depth of cut, spindle speed, and chatter
frequency is recorded as the globally unstable limit. For
experimentally identifying the globally stable limit, the
depth of cut is sequentially decreased from the globally
unstable point in the same steps taken to find the globally
unstable limit. This results in a decrease in displacement
response (chatter amplitude). For a specified spindle speed
and mean chip thickness, the globally stable limit is con-
sidered at the last depth of cut corresponding to loss of
contact in the cutting zone. The standard if and else con-
dition is implemented in the software layer for easy iden-
tification of globally unstable and stable points. Using this
technique, experiments are conducted for every spindle
speed under consideration, and the resulting experimentally
emulated stability is overlaid over theoretical predictions in
Figure 3. Theoretical globally unstable limits are obtained
by solving equation (7), and globally stable limits are
obtained using equations (8) and (9).

As is evident in Figure 3, experimentally emulated bi-
stable behaviour agrees with theoretical predictions. Also
evident is that even within the lenses where there is an
additional loss of stability in the speed range between 4700
r/min—4900 r/min, bistability persists. This suggests that
parametric interruption in the cutting process does not
modify the width of bistable regions. To probe the nature of
bifurcations, the flexure’s measured displacement overlaid
with once-per-revolution sampled data, Poincare sections,
and the power spectrum of the displacement signals cor-
responding to the points A, B and C (marked in Figure 3) are
shown in Figure 4. The three points correspond to a constant
depth of cut, » = 0.6 mm, and the spindle speeds are
A —4050r/min, B—4700r/min and C—4770r/min.
‘A’ lies above the traditional stability boundary, ‘B’ lies
below the boundary, and ‘C’ lies within the lens.

As is evident from Figure 4, since point ‘A’ lies above
the conventional stability boundary, its response suggests
unstable behaviour, and the once-per-revolution sampled
data shows a quasiperiodic behaviour — which is charac-
teristic of a Hopf bifurcation. Poincare section of point ‘A’
also suggests unstable behaviour and forms a limit cycle due
to saturation of chatter amplitude resulting from the tool out
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Figure 3. Comparison of theoretically predicted and emulated stability on the HiL simulator.
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Figure 4. Measured displacement signal (blue line) overlaid with data sampled at once-per-revolution (‘+’ symbol) — shown in the first
column; Poincare sections of the once-per-revolution data — shown in the second column; Power spectrum of measured displacement
signal — shown in the third column. For cutting parameters for points ‘A’, ‘B’, and ‘C’ please refer to Figure 3.

of cut phenomenon. The power spectrum of the dis- corresponds to a stable cutting case, and since the motion of
placement signal shows the dominant chatter frequency the flexure is periodic, the flexure oscillates at the virtual
(f;) along with the harmonics of the virtual spindle fre- spindle frequency and its harmonics (f; and 2f;), and
quency (fy =nN/60, where n =1, 2, 3,...), which are hence, an approximately straight line is observed when
characteristics of unstable Hopf bifurcations. Point ‘B>  the displacement signal is sampled once-per-revolution.
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For emulated cutting at point ‘C’, since ‘C’ lies within the
lens, its response suggests unstable behaviour, and the
once-per-revolution sampled data shows that the motion is
unstable with its dominant unstable frequency being the sub-
harmonic of the virtual spindle frequency (1.5f; and 2.5f;).
Hence, the once-per-revolution sampled data appear as a pair of
points offset from each other in the vertical direction — thus
confirming that this is a case of flip bifurcation.

Such emulations on the HiL simulator are useful to study
chatter in a non-destructive manner on a controlled platform.
Emulated behaviour is not meant to be compared to real
cutting processes, but is meant to guide cutting parameter
selection, and to detect and mitigate chatter during real cutting.

5. Adaptive active damping of bistabilities

Since bistabilities persist with lobes and lenses in inter-
rupted turning, the process will be conditionally stable if
cutting were to be conducted in the bistable regions. As has
been already demonstrated elsewhere (Sahu et al., 2021), it
is possible to actively damp instabilities and improve the
globally stable limit. However, since the process remains
nonlinear, bistabilities will persist even in the improved
boundaries. Hence, to stabilize cutting in the bistable region
in the presence of small/large perturbations, we propose an
adaptive gain tuning scheme as outlined in Figure 5. The
aim of this scheme is to detect if the process is unstable
under perturbations and update the gain appropriately until
the process stabilizes even with large perturbations.

The adaptive gain updating procedure works as follows:
at first, for the given cutting parameters, we determine if
the cut is stable or not. Stability is determined based on the
frequency content within the measured displacements of the
flexure. The frequency spectra of a stable cut contain only
the spindle frequency (fs) or its main harmonics. An un-
stable cut is classified as that in which the dominant fre-
quency (fa,,,) is not the spindle frequency (f;) or any of its
main harmonics, that is, fa__ # nfs, wherein n€1:10. To
account for noise in signals, valid frequency content is
treated as that with magnitudes greater than 0.1 pm — which
is the noise floor. If instability is detected, since the gain is
initialized to a user preset value, and if with this gain the
force applied by the actuator deems the cut stable, adaptive
tuning is not necessary. However, if, even with the force
applied with the initialized gain, the cut is still unstable, the
gain is updated in increments of dK until such time as the
cut becomes stable and/or the actuator nears its force ca-
pacity. Since we prefer the use of a direct velocity feedback
control scheme, in which the force applied by the active
damper is proportional to the gain and to the measured
velocity of vibration, the maximum gain allowable is
limited by the actuator’s force capacity. To ensure that the
actuator does not saturate in force, we limit the saturation
gain to Ky = 200Ns/m, which is well below the iden-
tified maximum control gain of ~300 Ns/m.
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i
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Figure 5. Flowchart of the adaptive control scheme.

Since the proposed adaptive gain tuning scheme is meant
to work in real-time, we first characterize the efficacy of the
method for its dependence on the time required to update the
gain as well as to characterize the scheme for its dependence
on the levels of gain increments, dK. Since real-time esti-
mation of the frequency content of the displacement signal is
necessary, we use the inbuilt Fast Fourier Transform (FFT)
function within LabVIEW to estimate the frequency content.
To account for the main harmonics of the excitation fre-
quency, we consider 750 data points in a sample. The FFT
estimate from this sample takes 0.15s. We call this the DAQ
time. Since instabilities can fully develop within this DAQ
time, and since instabilities are destructive, we investigate the
performance of the adaptive scheme with four different levels
of gain updating time. These are taken to be 25, 50, 75 and
100% of the DAQ time. For each of these configurations, we
also explore the role played by the gain increment by con-
sidering four different values of dK € [1, 2, 10, 200] Ns/m.
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Before testing the adaptive gain tuning method’s efficacy
in stabilizing cutting in the bistable zone in the presence of
perturbations, we characterized its dependence on the gain
increment level and the time required to update the gain.
These experiments were conducted at a fixed operating
point with a depth of cut of » = 0.8mm and at 4050 r/min,
that is, at a cutting condition that was otherwise globally
unstable (see Figure 3). Measured displacements and active
damping forces with a representative increment level of dK
of 10 Ns/m for four different gain updating times are shown
in Figure 6, and results for a fixed gain updating time of
25% of the DAQ time for four different levels of gain
increments are shown in Figure 7. Results in Figures 6 and 7
are for the case of the initialized gain being zero.

Figures 6 and 7 show how the response and force both
grow till the control action stabilizes the process. From
Figure 6, for the fixed gain increment of dK = 10, it is
evident that when the gain increment rate is 25% of the
DAQ time, the system stabilizes quicker than slower gain
updating rates. It is also interesting to note that the gain
reaches its saturation set-point for increment rates being 25,
50, and 75% of the DAQ time; however, for the case of the
gain updating rate equalling the DAQ rate, the gain stabilizes

,_,
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=
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[==]
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Time [s]
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at 190 Ns/m which is less than the saturation set-point. From
Figure 7, it is also clear that the process takes longer to
stabilize for smaller increments in the gain. Also, in-
terestingly, for smaller gain increments, the gain stabilizes at
values lower than higher gain increments. Though the pro-
cess stabilizes quickest for when the gain increment in 200
Ns/m, that is, the maximum allowable, the measured active
damping force shown in Figure 7(b) shows that, for this case,
there is a sudden application of force. This impact force may
damage the actuator, and hence, the use of this large gain
increment is not recommended. Such systematic character-
ization that is possible on a HiL simulator can guide real
experimentation on real machines.

Seeing that higher gain increments with shorter updating
times result in the process being stabilized quicker, ex-
periments for stabilizing cutting in the bistable region are
conducted for a gain increment level of dK = 10 and with
the gain updating time being 25% of the DAQ time. To
check if adaptive tuning for interrupted turning is effec-
tive under perturbations, hammer blows were provided to
the flexure for emulated cutting at point ‘D’ marked in
Figure 8(a), that is, at an operating point that lies within
the bistable region. The stability boundaries shown in

ﬁ
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Figure 6. Results with dK = 10 Ns/m and with different DAQ
times for gain updating. (a) Measured displacement and (b) mea-
sured active damping force.

Figure 7. Results with different values of dK and with a fixed 25%
of DAQ time for gain updating. (a) Measured displacement and (b)
measured active damping force.



Sahu et al.

---------- Theory, globally unstable
*x Expt, globally unstable

Theory, globally stable
O Expt, globally stable

o
©
.

o
o
:

(=]
B
T

Depth of cut, b [mm]
o
[N

(==}

3000 3500 4000 4500 5000

Spindle speed, N [rpm]

2500

—
o
-~

40—
] Control Off

Displacement [pm]

o
Lr)

Hammer blow
/ T

-40 . . . . 1
0 2 4 6 8 10
Time [s]

Displacement [pm)]

Figure 8. (a) Stability for interrupted turning; (b) response to
perturbations for the control being ‘off’ for cutting at point ‘D’; and
(c) response to perturbations with adaptive control for cutting at
point ‘D’.

Figure 8(a) are the same as those shown in Figure 3. Results
of without and with adaptive active damping are shown in
Figure 8(b) and Figure 8(c), respectively.

For the case of the controller being ‘off’, from
Figure 8(b), it is evident that the system is stable for small
perturbations and is unstable for large ones. Whereas for the
control being ‘on’, from Figure 8(c), it is also amply clear
that the response stabilizes even after large perturbations
with the use of an adaptive control scheme. Though results
shown above are for a specific operating point lying within
the bistable region, the proposed adaptive scheme may also
be used to stabilize cutting for cutting conditions that lie in
globally unstable regions for when the controller is ‘off” —as
has indeed already been demonstrated in the character-
ization experiments summarized in Figures 6 and 7. And,
though the proposed adaptive control scheme has been used
to successfully stabilize cutting in the bistable regimes, it
may also be used to stabilize cutting in the presence of other

nonlinearities in machine tools. The use of this adaptive
control scheme to detect and suppress chatter in near real-
time during real cutting processes is part of our planned
future follow-on research.

6. Conclusions

This paper has demonstrated through experimental em-
ulations on a HiL simulator that for the case of highly
interrupted turning processes with nonlinear force charac-
teristics, bistabilities can co-occur with lobes and lenses.
These findings validate earlier other reported theoretical
observations. Since cutting in bistable regimes should be
avoided, we demonstrated the use of active damping to
stabilize cutting with interruptions/perturbations. We suc-
cessfully implemented an adaptive gain tuning scheme that
adapts the gain to the level of interruption/perturbation. To
facilitate real-time detection of instabilities and their con-
trol, we characterized the efficacy of the gain updating
scheme for its dependence on the time required to update the
gain and for its dependence on the levels of gain increments
and observed that higher gain increments with shorter
updating times result in the process being stabilized quicker.
We show that the simulator makes an excellent non-
destructive platform for characterization of instabilities
and for testing of active vibration schemes to mitigate
them. Since circumventing instabilities in interrupted
turning is an important technological problem, our results
can help motivate mitigation strategies during real cutting
on real machines, including the design and implementation
of adaptive active damping control techniques.
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