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Vibration in internal turning is a problem in the manufacturing industry. A digital adaptive controller for the ac-
tive control of boring bar vibration may not be a sufficient solution to the problem. The inherent delay in a digi-
tal adaptive controller delays control authority and may result in tool failure when the load applied by the work-
piece on the tool changes abruptly, e.g. in the engagement phase of the cutting edge. A robust analog controller,
based on a lead-lag compensator, with simple adjustable gain and phase, suitable for the industry application,
has been developed. Also, the basic principle of an active boring bar with embedded actuator is addressed. The
performance and robustness of the developed controller has been investigated and compared with an adaptive
digital controller based on the feedback filtered-x algorithm. In addition, this paper takes into account those
variations in boring bar dynamics which are likely to occur in industry; for example, when the boring bars is
clamped in alathe. Both the analog and the digital controller manage to reduce the boring bar vibration level by

up to approximately 50 dB.
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1. INTRODUCTION

Degrading vibrations in metal cutting e.g. turning, milling,
boring and grinding are a common problem in the manufac-
turing industry. In particular, vibration in internal turning op-
erations is a pronounced problem. To obtain the required tol-
erances of the workpiece shape, and adequate tool-life, the
influence of vibration in the process of machining a work-
piece must be kept to a minimum. This requires that extra
care be taken in production planning and preparation. Vibra-
tion problems in internal turning have a considerable influ-
ence on important factors such as productivity, production
costs, working environment, etc. In internal turning the di-
mensions of the workpiece hole will generally determine the
length and limit the diameter or cross-sectional size of the
boring bar. As a result, boring bars are frequently long and
slender — long-overhang cantilever tooling- and thus sensi-
tive to excitation forces introduced by the material deforma-
tion process in the turning operation.* The vibrations of a
boring bar are often directly related to its low-order bending
modes.*®

The vibration problems in internal turning can be ad-
dressed using both passive and active methods.*>” Common
methods used to increase dynamic stiffness of cantilever tool-
ing involve making them (in high Young's modulus) non-
ductile materials, such as sintered tungsten carbide and ma-
chineable sintered tungsten, and/or utilising passive Tuned
Vibration Absorbers (TVA).*?® These passive methods are
known to enhance the dynamic stiffness and stability (chat-
ter-resistance) of long cutting tools and thus, enable the al-
lowable overhang to be increased.*?® The passive methods
offer solutions with a fix enhancement of the dynamic stiff-
ness frequently tuned for a narrow frequency range compris-
ing a certain bending mode frequency that in some cases may

be manually adjusted.**® On the other hand, the active con-
trol of tool vibration enables a flexible solution that selec-
tively increases the dynamic stiffness at the actual frequency
of the dominating bending modes until the level of the chatter
component in the feedback signd is negligible”® An active
control approach was reported by Tewani et al.’*** concern-
ing active dynamic absorbers in boring bars controlled by a
digital state feedback controller. It was claimed to provide a
substantial improvement in the stability of the cutting
process. Browning et al.*? reported an active clamp for boring
bars controlled by a feedback version of the filtered-x LMS
algorithm. They assert that the method enables to extend the
operable length of boring bars. Claesson and Héikansson®
controlled tool vibration by using the feedback filtered-x
LMS algorithm to control tool shank vibration in the cutting
speed direction without applying the traditional regenerative
chatter theory.

Two important constraints concerning the active control
of tool vibration involve the difficult environment in a lathe
and industry demands. It is necessary to protect the actuator
and sensors from the metal chips and cutting fluid. Also, the
active control system should be applicable to a genera lathe.
Pettersson et al.™® reported an adaptive active feedback con-
trol system based on atool holder shank with embedded ac-
tuators and vibration sensors. This control strategy was later
applied to boring bars by Pettersson et al.® Akesson et al. re-
ported successful application of active adaptive control of
boring bar vibration in industry using an active boring bar
with embedded actuators and vibration sensors.

During the process of machining a workpiece in a lathe,
the boundary conditions applied by the workpiece on the cut-
ting tool may exhibit large and abrupt variation, particularly
in the engagement phase between the cutting tool and work-
piece. These abrupt changes of load applied by the workpiece
on the tool may result in tool failure. However when utilising
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active adaptive digital control of tool vibration, the problem
of tool failure in the engagement phase may remain. For in-
stance, the time required for the adaptive tuning of the con-
troller, the inherent delay in, controller processing time, A/D
and D/A-conversion processes, and analog anti-aliasing and
reconstruction filtering might impede an active adaptive digi-
tal control system to produce control authority sufficiently
fast to avoid tool failure. To provide means to address the is-
sue of delay in control authority in the active control of bor-
ing bar vibration in industry an analog controller approach is
suggested.

This article focuses on the development of a simple ad-
justable robust analog controller, based on digitally controlled
analog design, that is suitable for the control of boring bar vi-
bration in industry. Initially a digitally controlled analog
manually adjustable lead compensator was developed. To
provide more appropriate controller responses a manually ad-
justable bandpass lead-lag compensator was developed. Gain
and phase of the controller response may, at a selectable fre-
guency, be independently adjusted on the two developed
controller prototypes. Also, the performance and robustness
using the two analog controllers was evaluated and compared
with a digital adaptive controller based on the feedback
filtered-x LM S-agorithm™?® in the active control of boring
bar vibration.

2. MATERIALS AND METHODS

2.1. Experimental Setup

Experiments concerning active control of tool vibration
have been carried out in a Mazak SUPER QUICK TURN -
250M CNC turning centre. The CNC lathe, presented by the
photo in Fig. 1, shows the room in the lathe in which the ma-
chining is carried out. In this photo (Fig. 1(b)), the turret con-
figured with a boring bar clamped in a clamping house, and a
workpiece clamped in the chuck are observable.

A coordinate system was defined: zwas in the feed direc-
tion, y in the reversed cutting speed direction, and X in the
cutting depth direction (see upper |eft corner of Fig. 1(b)).

Work material — cutting data — tool geometry. The cut-
ting experiments used the work material chromium molybde-
num nickel steel SS 2541-03 (AISI 3239). The material de-
formation process of this material during turning excites the
boring bar with a narrow bandwidth and has a susceptibility
to induce severe boring bar vibration levels*® resulting in
poor surface finish, tool breakage, and severe acoustic noise
levels. The workpiece used in the cutting experiments had a
diameter of 225 mm and a length of 230 mm. To enable su-
pervison of the metal-cutting process during continuous
turning, the cutting operation was performed externally, see
Fig. 1(b). An active boring bar was firmly clamped in a
clamping house rigidly attached to the lathe turret. Only one
side of the workpiece shaft’s end was firmly clamped into the
chuck of the lathe, see Fig. 1(b). Asacutting tool, a standard
55° diagonal insert with geometry DNMG 150608-SL and
carbide grade TN7015 for medium roughing was used. The
following cutting data was selected: Cutting speed v=60
m/min, Depth of cut a= 1.5 mm, and Feed s= 0.2 mm/rev.

Measurement equipment and setup. A block diagram of
the experimental setup for the active control of boring bar vi-
brationsis presented in Fig. 2.

Figure 1. (@) Mazak SUPER QUICK TURN - 250M CNC lathe and
(b) the room in the lathe where the machining is carried out.
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Figure 2. A block diagram describing the experimental setup for the
active vibration control system.

The control experiments used an active boring bar equipped
with an accelerometer and an embedded piezoceramic stack
actuator. The actuator was powered with an actuator ampli-
fier, custom designed for capacitive loads, and the acceler-
ometer was connected to a charge amplifier. A floating point
signal processor with Successive Approximation Register
AD- and DA- converters were used. Two commercial signal
conditioning filters were used in the control experiments. A
VXI Mainframe E8408A with two 16-channel 51.2 kSals
cards were used for data collection.
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2.2. Active Boring Bar

The active boring bar used in this experiment is based on
the standard WIDAX $SA0T PDUNR15 boring bar with an
accelerometer and an embedded piezoceramic stack actuator.
By embedding accelerometers and piezoceramic stack actua-
tors in conventional boring bars, a solution for the introduc-
tion of control force to the boring bar with physical features
and properties that fit the genera lathe application may be
obtained.

Active boring bar — simple model. A Euler-Bernoulli beam
may be used as a simple model to illustrate the structural dy-
namic properties of a boring bar.** The Euler-Bernoulli dif-
ferential equation describing the transversal motion in the y
direction of the boring bar may be written as:*"*°

02u(z,t) 52[ X
PR =52 + 52 |H@ 5z

o%u(zt) |  ome(z,t)
]: oz D

where p is the density of the boring bar, A(2) the cross-sec-
tional area, U(z t) the deflection in y direction, E the Young's
elastic modulus, 1(2) the cross-sectional area moment of iner-
tia, and me(z t) the space- and time-dependent external mo-
ment load per unit length. The boundary conditions of the
boring bar depend on the suspension of the boring bar ends,
and a clamped-free model is suggested.**® Figure 3 illus-
trates a boring bar with a piezoelectric stack actuator embed-
ded in amilled space in the underside of the boring bar.

Active boring bar Piecoceramic stack actuator

L‘,~Sensor

Figure 3. The configuration of the piezoceramic stack actuator in
the active boring bar.

Assuming that the actuator operates well below its reso-
nance frequency, thus neglecting inertial effects of the actua-
tor. Then, in the frequency domain, the force the actuator ex-
erts on the boring bar, Fa(f) (the Fourier transform of f4(t) and
f is frequency), may approximately be related to the constraint
expansion or motion of the actuator, Z(f) = Zx(f)—Z1(f), as
Fa(f) = KalALa(f) - Z()).Y” Where Za(f) and Zx(f) are the
Fourier transform of the displacements z1(t) and zx(t), ALa(f)
is the Fourier transform of the free expansion of an unloaded
piezoelectric stack actuator'’ and Kj is the actuator equiva-
lent spring constant. If the point receptance at the respective
actuator end are summed to form the receptance Hg(f) =
Zi(F)Fa(f)+ Zo(H)Fa(F), the relative displacement Z(f)
may be expressed Z(f) = Hg(f)Fa(f). With the aid of New-
ton’s second law, an expression for the actuator force applied
on the boring bar as a function of the actuator voltage V(f)
may now be written as:*

Fa(f) =Hr(FU(F), )

where Hsy(f) is the electro-mechanic frequency function be-
tween input actuator voltage V(f) and output actuator force
Fa(f). The distance between the actuator — boring bar inter-

face centre and the natural surface of the active boring bar in
the y-direction is a (see Fig. 3). Thus, the external moment
per unit length applied on the boring bar by the actuator force
Fa(f) may be approximated as:

Me(z,f) = aFa(f)(0(z—21) -d(z-22))) , ©)

where d(2) is the Dirac delta function and z; respective z; are
the z-coordinates for the actuator — boring bar interfaces.
Based on the method of eigenfunction expansion, if z1 =0
the generalised load of mode r is Fioad,r(f) = aFa(f)w1(22),
w; is the derivative of the normal mode r. Expressing the
generalised load with the aid of Eq. (2) and relying on the
method of eigenfunction expansion,? the frequency-domain
dynamic response of the boring bar in the y direction may be
written as:

uz f)= le wr(@H (HaHn(HV(Hyi(z2), (4)

where H;(f) is the frequency response function and . is the
norma mode, for moder.

2.3. System Ildentification

The design of feedback controllers usually rely on de-
tailed knowledge of the dynamic properties of the system to
be controlled, e.g. a dynamic model of the system to be con-
trolled.?** Non-parametric spectrum estimation may be util-
ised to produce non-parametric linear least-squares estimates
of dynamic systems.?®? Welch spectrum estimator®® was used
and Table 1 column A gives the spectral density estimation
parameters used in the production of plant frequency func-
tion estimates, with various clamping conditions for the bor-
ing bar. Also, the spectral density estimation parameters used
in the production of plant frequency function estimates dur-
ing continuous metal cutting can be found in Table 1 column B.
In Table 1 column C, the spectral density estimation parame-
ters used in the production of frequency function estimates
for the controller responses are given, and in Table 1 column D,
the spectrum estimation parameters used for the production
of power spectral density estimates for boring bar vibration
with and without active control are presented.

Table 1. Spectral density estimation parameters used for the produc-
tion of boring bar vibration spectra, with and without active control.

Parameter A B C D
Excitation signal | Burst rand. | Truerand. | True rand. Cglrtg:g
Sampling fre- 8192 10240 | 10240 | 10240
quency fs (Hz)

Block length N 16384 20480 20480 10240
Frequency reso-

lution Af (H2) 05 05 05 !
Numberof aver-| 165 | 265635 | 160 100
agesL

Burst length 90% - - -
Freguency range g B B B

of burst (Hz) 0-4000

Window w(n) Rgel(j[:rn- Hanning | Hanning | Hanning
Overlap 0% 50% 50% 50%
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2.4. Controllers

The application of active control of boring bar vibration
in industry requires reliable robust adaptive feedback control
or manually tuned feedback control, which is simple to adjust
at the shop floor by the lathe operator. A controller suitable
for active control of boring bar vibrations might be imple-
mented using different approaches. However, the abrupt
changes that occur in the turning operations, i.e. in the en-
gagement phase, suggest that an analog control approach
might be suitable with respect to, for example, the controller
delay and thus delay in control authority. Simple and effec-
tive compensators or controllers that may be implemented in
the analog domain are the lag and lead compensators that ap-
proximate the Pl controller and the PD controller, respec-
tively. Moreover, the PID controller may be approximated in
the analog domain by combining a lag compensator with a
lead compensator.?

A block diagram of the active boring bar vibration feed-
back control system, a feedback control system for distur-
bance rejection, is presented in Fig. 4 where —\W is the con-
troller, y(t) is the controller output signal, C is the plant or
control path, yc(t) is the plant output vibration (secondary vi-
bration), d(t) is the undesired tool vibration, and &t) isthe er-
ror signal.

Figure 4. Block diagram of the active tool vibration control system.

If the plant and the controller are linear time invariant sta-
ble systems, their dynamic properties may be described by
the frequency response functions C(f) and W(f), respectively.
Then, the feedback control systems’ open-loop frequency
function can be written as Ho (f) = W(f)C(f) and the closed-
loop frequency function for the active boring bar vibration
feedback control systemisgiven by Hg(f) = 1/(1+W f)C(f)).

Controller performance and robustness. Principally, there
are two important aspects of the behaviour of feedback con-
trollersin active control systems, their performance and their
robustness; that is, the ability of the controller to reject dis-
turbance and to remain stable under varying conditions.”” Ba-
sically, good performance in feedback control requires high
loop gain; while on the other hand, robust stability usually
implies a more retained loop gain. Usually, the discussion
concerning the performance and robust stability of feedback
controllers is based on the sensitivity function Sf)=
V(1 +WF)C(f)) and the complementary sensitivity function
T(f) =W FC()/ (1 + W F)C(f)).2% The sensitivity function
S f) gives a measure on disturbance reduction of a feedback
control system. In the determination of the stability proper-
ties of the system, the complementary sensitivity function
T(f) has a vital role. It also governs the performance of the
control system regarding the reduction of noise from the sen-
sor detecting the error g(t). Generally, the design of control-
lers rely on a model of the system to be controlled or the so
called plant. However, amodel of a physical system is an ap-
proximation of the true dynamics of the system and it is
therefore likely to affect the performance of the control

system.?? To incorporate the plant uncertainty in the design
procedure of a controller, amodel of the plant uncertainty is
usualy included. A common way to model the plant uncer-
tainty is with a multiplicative perturbation, yielding a fre-
guency function model of the plant as:?2%%

Cactual (T) = Cromina (F)(1+Ac(f)), (5)
where Ac(f) is an unstructured perturbation given by:

Cactua] ( f )

Ac(f) - Cnom'nal(f) B

1, (6)

and Croninal(f) is a nominal plant model of the plant. Thus,
assuming that a control system design based on the nominal
plant model results in a theoretically stable control system,
then the denominator 1+ W f)Cronina(f) has no zeros in the
right half complex plane. However, the actual control sys-
tem’s frequency response function will have the denomina-
tor 1+W()Cocua(f). Thus, if |L+W(F)Cromina ()| > [W(f)
X Cnominal(F)Ac(F)|, Vf is fulfilled, the actual control system
is stable.*?% Hence, for stable control the unstructured per-
turbation is upper limited as |Ac(f)| < 1/ [Tnomina(T)], ¥ f where
Trominal (T) = W(F)Cromina (f)/ (1 +Wf)Croninal (). If Ac(f)
is bounded as |Ac(f)| < f(f), Vf. The condition for robust
stability of acontrol system is given by:*®

ﬁ(f)<m,Vf. @

The performance and robustness of an active feedback
control system may also be visualised by a polar plot of
its open-loop frequency response function in a Nyquist
diagram.?%% |f the closed loop system is to be stable, the
polar plot of the open loop frequency response for the feed-
back control system W f)C(f) must not enclose the polar
coordinate (-1, 0) in the Nyquist diagram. The larger the dis-
tance between the polar plot and the (-1, 0) point, the more
robust the feedback control system becomes, with respect to
variation in plant response.

Compensators. A lead compensators purpose is to advance
the phase of the open loop frequency response W f)C(f) for
a feedback control system, usually by adding maximal posi-
tive phase shift in the frequency range where the loop gain
equals 0 dB, i.e. at the crossover frequency.?? This will in-
crease the phase margin and generally increase the bandwidth
of afeedback control system.?®% The characteristic equation
or frequency function for alead compensator may be written
as®

1 j27zf + Zjead

W ead(f) = Kiead Qlead j27f + Plead T Mlead

Tlead J27f + 1
OleadTlead j2nf+ 1"

®

where Zigad > 0 and Zjead € R (—Ziead iS the compensator zero),
Plead >0 and Piead € R (—Pread is the compensator pole),
Olead = Ziead/Plead < 1 is the inverse lead ratio for alead com-
pensator, Kjed is the compensator gain, and 7jead = 1/Zjead. By
utilising a lag compensator, the low frequency loop gain of a
feedback control system may be increased as the phase-lag
filter attenuates the high frequency gain. In this way, the gain
margin of the open loop frequency response for the feedback

4
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control system can be improved, and the phase shift added by
the compensation filter can be minimised.?%% The charac-
teristic equation or frequency function for a lag compensator
is fairly similar to the lead compensator characteristic equa-

tion and may be expressed as;*
B Ljan-i-ng B Tlagjznf+1
WLag(f) =Kiag Qlag |27+ Plag = Nlag QlagTlag j2nf+1’ ©)

where zjag > 0 and zjag € R (—2ziag iS the compensator zero),
Plag>0 and piage R (—piag is the compensator pole),
Glag = Ziag/Piag > L isthe inverse lag ratio for alag compensa-
tor, Kiag is the compensator gain, and 7iag = 1/Zg.

A lead-lag compensator is obtained by connecting a lead
compensator and a lag compensator in series, thus by com-
bining Egs. (8) and (9). The lag compensator may be ad-
justed to provide a suitable low frequency loop gain of the
feedback control system. Subsequently, the lead compensator
may be adjusted to provide an additional positive phase shift
in the frequency range, where the loop gain equals 0 dB, i.e.
at the crossover frequency.*

Digitally controlled analog controller. The intention is to
develop an analog controller with response properties that
can be easily adjusted manually, without necessitating the re-
placement of discrete components, i.e. resistors and capaci-
tances. If alead compensator is considered, its frequency re-
sponse function is given by Eq. (8).%* A lead compensator
may be designed according to the circuit diagram shown in
Fig. 5, where Ry2 and Ry ¢ are adjustable resistors, Rq1 isa
fixed resistor and Cy is a fixed capacitor. The parameters in
Eqg. (8) are related to the discrete components as Kiead =
Ra.f/ (Ra2+Rd1), Tiead = CaRd 2, @ djead = Rg1/(Ra2 + Ra.1).

Voul

Figure5. Circuit diagram of alead compensator.

If Ry2 and Ry are implemented by digitally controlled
potentiometers, the phase and gain of the compensator re-
sponse may be adjusted independently at one selectable fre-
guency, in discrete steps, to successively increase or decrease
phase and gain respectively. For instance, by using two
knobs for the compensator tuning (one for phase adjustment
and one for gain adjustment) a function of the two knob an-
gles may be produced according to:

[a, 9] = AGjead(gain knob angle, phase knob angle). (10)

This function produces integers ac< {1,2,...,La} and
ge{1,2,...,Lg}, selecting the appropriate analog compensa-
tor frequency response function in the set of La x Lg different
analog compensator frequency response functions:

Ta’gjzﬂf"t‘ 1
Wieadag(f) = Ka@W’

ae{1,2,.. Latandge {1,2, ... Lgl. (11)

The micro-controller realised the AG(gain knob angle,
phase knob angle) function, by controlling the adjustable re-
sistors Ry 2 and Ry 1, (the so called digital potentiometers that
have a digital control interface and an analog signal path).
Such a micro-controller will allow the implementation of an
analog lead-circuit which enabling orthogonal adjustment of
the phase function and magnitude function at one selectable
frequency of the compensator response. If the frequency for
orthogona adjustment of the phase function and magnitude
function is set to 500 Hz, the magnitude and phase functions
of the frequency response function realised by this circuit
may be adjusted with the phase knob according to the 3-D
plots in Fig. 6(a) and (b), respectively. Observe, the gain
knob only adjusts the level of the magnitude function surface
and has no influence on its shape or the shape of the phase
function surface.
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Figure 6. Magnitude function (a) and phase function (b) of lead
compensator frequency response function as a function of phase
knob adjustment range in % and frequency. The gain knob only ad-
juststhe level of the magnitude function surface.

A lag compensator with orthogond adjustment of the phase
function and the magnitude function at one selectable fre-
guency of the compensator response may be designed similar
to the adjustable analog lead compensator. Thus, an adjust-
able lag compensator may be designed according to the cir-
cuit diagram shown in Fig. 7.

In Fig. 7, Rg1 and Ry r are adjustable resistors and Ry 1 is
afixed resistor and Cg is afixed capacitor. The frequency re-
sponse function for the lag compensator is given by
Eq. (9).%% The parameters in the equation are related to
g,f

the discrete components according to, Kjag = Roi+Ras’
g, 9,
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Rg,l ngz + Rg,l Rg,a + Rg,z ngg |

Rg'leyz + Rg,2 ng3 ’
much the same way as the orthogonally adjustable lead com-
pensator, a micro-controller realises an AG ag(gain knob angle,
phase knob angle) function suitable for steering the digital
potentiometers implementing the adjustable resistors Rg,1 and
Ry f for the lag compensator. If the frequency for orthogonal
adjustment of the phase and magnitude functions is selected
to 500 Hz, the magnitude and phase functions of the fre-
guency response function realised by this circuit may be ad-
justed with the phase knob, according to the 3-D plotsin
Fig. 8(a) and (b), respectively.

5
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a.f
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Figure 8. Magnitude function (a) and phase function (b) of lag com-
pensator frequency response function as a function of phase knob
adjustment range in % and frequency. The gain knob only adjusts
the level of the magnitude function surface.

By connecting the adjustable lead compensator in series
with the adjustable lag compensator, a lead-lag compensator
with orthogonal adjustment of the phase function and the
magnitude function at one selectable frequency of the re-
sponse may be realised. The magnitude and phase functions

of the lead-lag compensator may be adjusted with the phase
knob e.g. according to the 3-D plots in Fig. 9(a) and (b) re-
spectively.
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1000 1500 2000 0
Frequency (Hz)

Figure 9. Magnitude function (a) and phase function (b) of lead-lag
compensator frequency response function, as a function of phase
knob adjustment range in % and frequency. The gain knob only ad-
juststhe level of the magnitude function surface.

Highpass Lowpass
filter filter

1 [

Figure 10. Block diagram of the implemented |ead-lag circuit.

Also, to utilise the capacity of the actuator amplifier, to
limit the active control frequency range, a suitable high-pass
filter, followed by a suitable low-pass filter was connected in
series with the lead-lag compensator. The block diagram of
the obtained analog band-pass lead-lag controller is shown in
Fig. 10.

Selecting the frequency for orthogonal adjustment of the
phase and magnitude functions to 500 Hz, this controller’s
frequency response magnitude and phase functions are ad-
justable with the phase knob, according to the 3-D plots in
Fig. 11(a) and (b), respectively.

The implemented analog lead-lag controller consists of
several blocks: high-pass filter, low-pass filter, lead compen-
sator and lag compensator. Each block can be used separately
or arbitrary combinations of the blocks can be used to enable
controller flexibility.

6
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Figure 11. Magnitude function (a) and phase function (b) of band-
pass lead-lag compensator frequency response function, as a func-
tion of phase knob adjustment range in % and frequency. The gain
knob only adjusts the level of the magnitude function surface.

Feedback filtered-x LMS algorithm. The feedback filtered-x
LMS algorithm is an adaptive digital feedback controller
suitable for narrow-band applications.’**%*! This agorithm is
based on the method of steepest descent and the objective of
the control is to minimise the disturbance signal or desired
signal in the mean square sense.’®%* A block diagram of the
feedback filtered-x LM S algorithm is shown in Fig. 12.

2 d(n)
FIRfilter | ¥() [Forward path| Y7
w(n) c z

Estimate of the | 6 [~ Adaptive e(n)
forward path C algorithm
e(n-1)
Z-1

Figure 12. Block diagram of the feedback filtered-x LMS algorithm.

The feedback filtered-x LMS agorithm with leakage co-
efficient is defined by the following equations:

y(m) =wT(nx(n); (12)
e(n) =d(n) +yc(n); (13)
w(n+1) = yw(n) —uxs(Men); (14)

and
T

Xg(n) = géix(n—i),...,géix(n—i—M+1) , (15

where u is the adaptation step size and y is the |eakage coeffi-
cient 0<y <1, usually selected close to unity. By selecting
y =1 the feedback filtered-x LM S algorithm is obtained. Fur-
thermore, x(n) is the filtered reference signal vector, which
usualy is produced by filtering the reference signal x(n) with
an I-coefficients FIR-filter estimate, €i, 1 €0,1,...,1-1, of
the control path or plant. Furthermore, w(n) is the adaptive
FIR filter coefficient vector, y(n) is the output signal from the
adaptive FIR filter, &(n) isthe error signal, yc(n) the secondary
vibration (the output signal from the plant), Cis an estimate
of the forward path and d(n) is the primary disturbance. The
reference signal vector x(n) = [x(n),x(N— 1), ..., x(N—M + 1)]"
is related to the error signal as x(n) = e(n—1).2**%3 |n order to
select astep size 1 to enable the feedback filtered-x LMS ago-
rithm to converge, the inequality 0 < u < 2/(E[x%(n)](M +9))
may be used,®'%*! where d is the overall delay in the forward
path, M is the length of the adaptive FIR filter and E[xé(n)] is

the mean square value of the filtered reference signal to the
algorithm. Incorporating a leakage factor y in the feedback
filtered-x LM S-algorithm causes the loop gain of the control
system to be reduced, yielding a more robust behaviour.>*

3. RESULTS

3.1. The Plant

The system to be controlled, C, is comprised of several
parts. a signal conditioning filter, an actuator amplifier, an
actuator, the structural path between the force applied by ac-
tuator on the boring bar, and the boring bar response (meas-
ured by an accelerometer mounted close to the tool-tip). In
order to clamp the boring bar, it is first inserted into the cy-
lindrical space of the clamping house. It is then clamped by
means of four/six clamping screws; two/three on the tool side
and two/three on the opposite side of the boring bar. The two
standard versions of the clamping house are distinguishable
only by the fact that one supports four clamping screws while
the other supports six. It is obvious that the boundary condi-
tions applied by the four-screw version of the clamping
house will differ from the boundary conditions applied by the
six-screw version of the clamping house. Also, to enable the
boring bar to be inserted in the clamping house, the diameter
of the clamping house’s cylindrical clamping space is slightly
larger than the diameter of the boring bar. Thus, the exact
spatial position of the clamped boring bar end in the clamp-
ing space of the clamping house is difficult to pinpoint. Fur-
thermore, the tightening torque of the clamping screws, i.e.
the clamping force, is likely to vary between the screws each
time the boring bar is clamped and each screw is tightened.
Thus, each time the boring bar is clamped it is likely that the
clamped boring bar will have different dynamic properties.

Plant frequency function estimates were produced when
the boring bar was not in contact with the workpiece, i.e. off-
line. The control path was estimated off-line for ten different
possible clamping conditions with respect to the tightening
torque of the screws and the spatial position of the boring bar
in the clamping space of the clamping house. Two spatial po-
sitions within clamping space were selected. The first was

International Journal of Acoustics and Vibration, Vol. 12, No. 4, 2007

7



H. Akesson et al.: DEVELOPMENT OF A SIMPLE AND ROBUST ACTIVE CONTROL SYSTEM FOR BORING BAR VIBRATION IN INDUSTRY

that in which the upper side of the boring bar’s end (the tool
side) was clamped in contact with the upper section of the
clamping space surface. The second was that in which the
opposite, underside of the boring bar's end, was clamped in
contact with the lower section of the clamping space surface.
For each of these two spatial position configurations, five
various tightening torques were used. The different off-line
clamping conditions are presented by Table 2.

Table 2. The ten different clamping conditions of the boring bar
used for the production of plant estimates when the boring bar is not
in contact with the workpiece (off-line). Four clamping screws were
used, two on the tool side and two on the opposite side.

Notation Torque (Nm) Contact
BC, 10
BC, 20 ) ] )
BCs 30 Borlr_lg bar in contact W|th upper
side to clamping housing
BC. 40
BCs 50
BCs 10
BC~ 20 ) . .
Boring bar in contact with under
BCs 30 . . .
side to clamping housing
BCy 40
BCyo 50
(a)
2
@
E
2
s
<l
T | | | |e -8
20H- - - - - [ e e e e - BC, |4
B,
30 500 1000 1500 2000 2500 3000
Frequency (Hz)
50 T T T
®) |
0 o
@ -50
Q .
<)
@
Q.-100
T 150
@
<
& -200
-250
3005 500 1000 1500 2000 2500 3000

Frequency (Hz)

Figure 13. Frequency function estimates of the plant, for the five
different tightening torques of the clamping screws, when the under-
side, of the boring bar end, is clamped in contact with the lower part
of the clamping space surface.

The spectrum estimation parameters and identification
signal used in the production of off-line frequency function
estimates are given in Table 1 column A. Figure 13 shows
frequency function estimates of the plant for five different
clamping screw tightening torques (BCs — BC1p). These plant
frequency function estimates are shown in the frequency
range of the fundamental resonance frequency of the boring
bar in Fig. 14.

50 T T T 1)
(a) : w— BC,
: - BC,
N \ « =BC
o0l , BCE
545, e ||
o~
0 >N L 10
£ 1Y :
[T A N
os) . :
2 .
(% ‘:
—85F------ LI U
L.
YN
. I N
30 1 1 1 - ah N J
400 450 500 550 600
Frequency (Hz)
0
(b)
-50
@
o
(=]
@
a]
=-100
T
~
1h]
w
8150
o
-200 | -
400 450 500 550 600
Frequency (Hz)

Figure 14. Frequency function estimates of the plant in the fre-
quency range of the fundamental resonance frequency of the boring
bar, for the five different tightening torques clamping screws, when
the underside, of the boring bar end is clamped in contact with the
lower part of the clamping space surface.

The five other plant estimates shows similar differences
but with the resonance frequency peak between 450 to
470 Hz. As opposed to a situation in which the boring bar is
not in contact with the workpiece, contact with the workpiece
during a continuous cutting operation will cause the bound-
ary conditions on the cutting tool to change.*® Hence, the dy-
namic properties of the plant will be different when the bor-
ing bar is not in contact with the workpiece and during con-
tinuous turning. Also, different cutting data and work mate-
ria are likely to affect the dynamic properties of the plant
during continuous turning.*® Plant frequency function esti-
mates were produced during continuous turning for a variety
of different cutting data. The clamping conditions with re-
spect to the tightening torque of the clamping screws and the
spatial position of the boring bar in the clamping space of the
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clamping house were fixed and are given by clamping condi-
tion BCyo in Table 2. The spectrum estimation parameters
and identification signal used in the production of on-line
frequency function estimates are given in Table 1 column B.

Figure 15 presents two different plant frequency function
estimates produced during continuous turning (on-ling) with
different cutting data (see Table 3). This diagram also present
a plant frequency function estimate produced when the bor-
ing bar is not in contact with the workpiece (off-line). The
off-line frequency function estimate was produced using the
spectrum estimation parameters and identification signal ac-
cording to Table 1 column A.

Table 3. Cutting data used for plant frequency response function es-
timation during continuous turning (on-line).

The coherence functions corresponding to both the on-
line control path frequency response function estimates and
the off-line estimates are shown in Fig. 16 (a). Estimates of
the random error for the on-line and off-line frequency re-
sponse function estimates in Fig. 15 are shown in Fig. 15 (b).

]
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Figure 15. Frequency function estimates of the plant during a con-
tinuous cutting operation (online) and when the boring bar is not in
contact with the workpiece (off-line). The on-line estimation of the
plant was produced using workpiece material SS2541-03, cutting
tool DNMG 150806-SL, grade TN7015. On-line 1: feed rate s=0.2
mm/rev, cutting depth a= 1.2 mm, cutting speed v= 80 m/min and
On-line 2: feed rate s= 0.2 mm/rev, cutting depth a= 1 mm, cutting
speed v =150 m/min.
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Figure 16. (a) Coherence function estimates between input and out-
put signal of the plant during continuous cutting (on-line) and when
the boring bar is not in contact with the workpiece (off-line). (b) Es-
timate of the random error for the on-line and off-line frequency re-
sponse function estimates.

3.2. Active Boring Bar Vibration Control Results

The cutting experiments utilised three different feedback
controllers in the active control of boring bar vibration: first,
an analog manually adjustable controller based on lead com-
pensation; secondly, a manually adjustable analog stand
alone controller, based on a lead-lag compensation; and fi-
nally an adaptive digital controller based on the feedback
filtered-x LMS agorithm. To illustrate the results of the ac-
tive control of boring bar vibration using the three different
controllers, power spectral densities of boring bar vibration
with and without active vibration control are presented in the
same diagram. The spectrum estimation parameters used in
the production of boring bar vibration power spectral density
estimates are shown in Table 1 column D.

Initially, a smple analog manualy adjustable lead com-
pensator, based on digitally controlled analog design was de-
veloped. The adjustable lead compensator was tuned manu-
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aly and it was possible to provide an attenuation of the bor-
ing bar vibration level by up to approximately 35 dB. How-
ever, using the manually adjustable lead compensator in the
active control of boring bar vibration frequently resulted in
stability problems. By using the manualy adjustable band-
pass lead-lag controller in the active control of boring bar vi-
bration, the vibration level was reduced by up to approxi-
mately 50 dB after a simple manual tuning of the controller
(see Fig. 17). Furthermore in numerous cutting experiments,
the active control of boring bar vibration based on the band-
pass lead-lag controller after initial manual tuning has pro-
vided stable control with significant vibration attenuation.
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Figure 17. (a) Power spectral densities of boring bar vibration in the
cutting speed direction with active control using the adjustable lead-
lag controller (solid line) and without active control (dashed line).
(b) The corresponding spectra zoomed in to the three first resonance
peaks. Workpiece materia SS2541-03, cutting tool DNMG 150806-SL,
grade TN7015, feed rate s= 0.24 mm/rev, cutting depth a=2 mm,
cutting speed v = 60 m/min.

By utilising the feedback filtered-x LMS algorithm as
controller in the active control of boring bar vibration, the
adaptive controller will tune the adaptive FIR filter to de-
correlate the error signal with the filtered reference signal
vector. Therefore, high loop gain is provided in the fre-
guency range of the resonance frequency that dominates the
boring bar vibration. Frequently, at high boring bar vibration
levels, the feedback filtered-x LMS algorithm in the active
control of boring bar vibration yields an attenuation of the vi-
bration by more than 50 dB at the dominating resonance fre-
guency. However, feedback filtered-x LMS algorithm re-

quires leakage to provide stable and robust control*>** and the
cost for improved robustness is a somewhat reduced vibra-
tion attenuation performance.

3.3. Stability and Robustness of the Controllers

The stability of afeedback control system requires that its
open loop frequency response Hq(f) does not violate the
closed loop stability requirements, i.e. the Nyquist stability
criterion. 2?2 A closed loop system is said to be stable if the
polar plot of the open loop frequency response Hq () for the
feedback control system does not enclose the (—1,0) point in
the Nyquist diagram. The greater the shortest distance be-
tween the polar plot and the (-1, 0) point, the more robust the
feedback control system is with respect to variation in plant
response and controller response. The system fulfils the con-
ditions for robust stahility**?® if there is no phase function
present which (in combination with maximal magnitude of
the possible plant uncertainties at each frequency) can result
in a feedback control system open loop frequency response
that encloses the (-1, 0) point in the Nyquist diagram.

An estimate of the open loop frequency function for a
feedback control system may be produced based on the con-
troller frequency response function and the plant frequency
response function. The analog controller frequency response
function was estimated after manually tuning for active con-
trol of boring bar vibration. In the case of the adaptive digital
controller, the controller frequency response function was es-
timated after convergence with the step size set to zero. All
the controllers were estimated with the spectrum estimation
parameters and the identification signal shown in Table 1
column C. The open loop frequency responses for the active
boring bar vibration control system were produced for the
manually adjustable lead compensator and the off-line con-
trol path frequency function estimate for each of the ten dif-
ferent clamping conditions of the boring bar (see Table 2).
Also, the open loop frequency responses for the manually ad-
justable lead compensator and the two different on-line plant
frequency function estimates were produced. Observe that in
order to facilitate interpretation of the Nyquist diagrams, the
number of the open loop frequency response functions plot-
ted in the same diagram were limited to four. These open
loop frequency response functions were selected in order to
avoid redundancy in the Nyquist diagrams and to form the
open loop frequency response functions. The plant frequency
response function estimates corresponding to the clamping
conditions (BC1, BCs, BCs and BC10) were selected (see Ta-
ble 2). The Nyquist diagram in Fig. 18 shows polar plots of
the selected open loop frequency responses. The correspond-
ing Bode plot is shownin Fig. 19.

Observe, in Fig. 18, that the polar plots of the open loop
frequency responses for the feedback control system based
on the manually adjustable lead compensator are close to, or
enclose, the (—1,0) point in the Nyquist diagram. Figure 19
demonstrates that open loop frequency responses for the bor-
ing bar vibration control system based on the manually ad-
justable lead compensator provide substantial loop gain at
resonance frequencies above 2000 Hz. Open loop frequency
responses for the boring bar vibration control system were
produced based on the manually adjustable band-pass |ead-
lag compensator and the off-line plant frequency function es-
timate for each of the ten different boring bar clamping con-
ditions (see Table 2).
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Figure 18. Nyquist diagram for a boring bar vibration control sys-
tem based on a manually adjustable lead compensator for the four
different plant frequency response function estimates corresponding
to the clamping conditions: BC1, BCs, BCs and BC1o.
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Figure 19. Open loop frequency response function estimates for a
boring bar vibration control system, based on a manually adjustable
lead compensator for the four different plant frequency response
function estimates corresponding to the clamping conditions: BC,
BCs, BCs and BC1p.

Also, open loop frequency responses were produced for
the manually adjustable lead compensator and the two differ-

ent on-line control path frequency function estimates. The se-
lected open loop frequency functions for the active boring
bar control system based on band-pass lead-lag compensator
are shown in the Nyquist diagram in Fig. 20 (these estimates
were based on the clamping conditions: BCy, BCs, BCs and
BCi0). The corresponding Bode plot of the open loop fre-
guency response functions for the active boring bar control
system are shown in Fig. 21.

Observe the distance between the polar plots of the open
loop frequency response function estimates for the boring bar
vibration control system based on the manually adjustable
band-pass lead-lag compensator and the (—1,0) point in the
Nyquist diagram in Fig. 20. In addition, the Bode plot (see
Fig. 19) demonstrates low loop gain above 1000 Hz.

Imag (H,; ()

Real (H,,(f)

Figure 20. Nyquist diagram for a boring bar vibration control sys-
tem, based on a manually adjustable band-pass lead-lag compensa-
tor for the four different plant frequency response function estimates
corresponding to the clamping conditions: BC1, BCs, BCs and BC1.

The adaptive digital control of boring bar vibration was
carried out with and without a leakage factor in the feedback
filtered-x LMS algorithm. The Nyquist diagram in Fig. 22
shows the polar plots of the four open loop frequency re-
sponses, which is based on the feedback filtered-x LMS algo-
rithm. The four open loop frequency functions for the active
boring bar control system based on the feedback filtered-x
LMS agorithm are shown in the Nyquist diagram in Fig. 22.

The corresponding Bode plots of the open loop frequency
response functions based on the feedback filtered-x LMS al-
gorithm are shown in Fig. 23.

The feedback filtered-x LM S agorithm will automatically
tune the adaptive FIR filter to de-correlate the error signal
with the filtered reference signal vector. Thus, a high loop
gain will be provided in the frequency range of the resonance
frequency that dominates the boring bar vibration (see the
Bode plot in Fig. 23). Finally, the leaky feedback filtered-x
LMS controller yields a significantly lower loop gain com-
pared to the case of no leakage.

If, for example, the plant frequency function estimate cor-
responding to the clamping condition BCyg is selected as a
nominal control path or plant model of the plant then an esti-
mate of the upper bound f(f) for the multiplicative perturba-
tion modelling the plant uncertainty may be produced based
on Eq. (6) using al the other plant frequency function esti-
mates (not the plant frequency function estimate correspond-
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Figure 21. Open loop frequency response function estimates, for a
boring bar vibration control system, based on a manually adjustable
band-pass lead-lag compensator for the four different plant fre-
guency response function estimates corresponding to the clamping
conditions: BC1, BCs, BCgs and BCo.

Imag (H,,; ()

Real (H,,(f)

Figure 22. Nyquist diagram for a boring bar vibration control sys-
tem, based on the feedback filtered-x LMS algorithm for the four
different plant frequency response function estimates, correspond-
ing to the clamping conditions: BC1, BCs, BCg and BC1o. Number
of adaptive filter coefficients M = 20, step size u =-0.5, sampling
frequency of the DSP Fs = 8 kHz.

Figure 23. Open loop frequency response function estimates for a
boring bar vibration control system, based on the feedback filtered-x
LMS algorithm for the four different plant frequency response func-
tion estimates, corresponding to the clamping conditions: BC4, BCs,
BCs and BC10. Number of adaptive filter coefficients M = 20, step
sizeu =-0.5, sampling frequency of the DSP Fs = 8 kHz.
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Figure 24. Magnitude of the inverse of the nominal complementary
function for each of the controllers and the estimated upper bound
for the multiplicative perturbation.
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ing to the clamping condition BCyg). In Fig. 24 the magni-
tude of the inverse of the nominal complementary function
for each of the controllers is plotted in the same diagram as

the estimated upper bound B(f) for the multiplicative pertur-
bation.

4. DISCUSSION AND CONCLUSIONS

The above results demonstrate that boring bar vibration in
internal turning may be reduced by utilising active control
based on active boring bars with embedded actuator and sen-
sor and a suitable feedback controller such as an analog
manually adjustable band-pass lead-lag controller or an adap-
tive digital controller based on the feedback filtered-x LMS
algorithm. It has been established that for each time the bor-
ing bar is clamped, it is likely that the clamped boring bar
will have different dynamic properties (see Figs. 13 and 14).
Also, the dynamic properties of the clamped boring bar will
differ between these instances when the boring bar is not in
contact with the workpiece and during continuous turning
(see Fig. 15). In addition, different cutting data and work ma-
terials will likely affect the dynamic properties of the
clamped boring bar during continuous turning.* Thus, the
plant in the active boring bar vibration system may display
significant variations in its dynamic properties. Hence, a ro-
bust controller that performs well for substantial variationsin
the dynamics of the plant is required for the active control of
boring bar vibration.

The development of a simple adjustable analog controller,
based on digitally controlled analog design, started initialy
with a lead compensator. However, the vibration to be con-
trolled is related to the fundamental bending modes of the
boring bar and not its higher order modes.** Thus, the high
loop gain (provided by a controller above the fundamental
bending modes eigenfrequencies) will likely be an issue con-
cerning the stability and robustness of the active boring bar
vibration control system. However if the manually adjustable
lead control is utilised for active boring bar vibration control,
it will (when stable) perform a broad-band attenuation of the
tool-vibration. Therefore, the vibration level is reduce by
over 35 dB at 460 Hz and harmonics of the 460 Hz boring
bar resonance frequency are attenuated. The reduction of the
harmonics of the dominating fundamental resonance fre-
guency is probably a consequence of a linearisation of the
boring bars dynamic response imposed by the active vibra-
tion control. Polar plots of the open loop frequency responses
(for the feedback control system based on the manually ad-
justable lead compensator), which approach or enclose the
(-1, 0) point of the Nyquist diagram, also demonstrate prob-
lems with robustness and stability (see Fig. 18). According to
the Bode plots (Fig. 19), the manually adjustable lead com-
pensators provides (as expected) a substantial loop gain at the
boring bar resonance frequencies above 2000 Hz. Thus, to
provide high boring bar vibration attenuation, high loop gain
is only required in the frequency range of the boring bar's
fundamental bending modes eigenfrequencies. Basicaly, a
manually adjustable controller should be able to provide ad-
justable band-pass gain and adjustable phase enabling to con-
trol the plant in the frequency range of the boring bar’s fun-
damental bending modes eigenfrequencies. This will produce
adequate anti-vibration cancelling the original vibration ex-
cited by the material deformation process.

The adaptive digital feedback control based on feedback
filtered-x LMS algorithm (with and without leakage) per-
forms a broad-band attenuation of tool-vibration and is able
to reduce vibration levels by over 50 dB at 460 Hz, aswell as
to attenuate the harmonics of the 460 Hz boring bar reso-
nance frequency. However, dlightly lower vibration attenua-
tion might be observed for the leaky feedback filtered-x LMS
algorithm. The introduction of a leakage factor or a “forget-
ting factor” in the feedback filtered-x LMS agorithm’s re-
cursive coefficient adjustment algorithm will provide a re-
straining influence on the loop gain of the control system and
may thereby cause a somewhat reduced attenuation of the
boring bar vibration.

The active boring bar vibration control system based on
the manually adjustable band-pass lead-lag control performs
a broad-band attenuation of tool-vibration and is also able to
reduce the vibration level by over 50 dB at 460 Hz, aswell as
to attenuate the harmonics of the 460 Hz boring bar reso-
nance frequency (see Fig. 17). Thus, the band-pass lead-lag
controller provides attenuation performance comparable to
that of the adaptive controller by tuning the adaptive FIR fil-
ter to de-correlate the error signal with the filtered reference
signal vector. It thereby provides high loop gain in the fre-
guency range of the resonance frequency that dominates the
boring bar vibration (see Fig. 23). By comparing the loop
gains provided by the adaptive digital controller with the
loop gains provided by the band-pass |ead-lag controller (see
Fig. 19), it follows that the analog |ead-lag controller is tuned
to provide high loop gain over a broader frequency range as
compared to the loop gain resulting from the adaptive digital
control. On the other hand, by examining the Nyquist plots
for the open loop frequency response functions concerning
the band-pass lead-lag controller (see Fig. 20) and the feed-
back filtered-x LMS controller (see Fig. 22), it follows that
the shortest distance between the polar plots and the (—1,0)
point is greater for the analog controller as compared with
the feedback filtered-x LM S controller.

If robust stability is considered (see Fig. 24), it follows
that the active boring bar vibration control system based on
the leaky feedback filtered-x LMS controller is the only sys-
tem that fulfils the conditions for robust stability. It is aso
the controller that results in the greatest shortest distance be-
tween the polar plots and the (—1,0) point. However, the ac-
tive boring bar vibration control system based on the band-
pass lead-lag controller, tuned initially, remained stable dur-
ing the course of numerous trials with varied clamping condi-
tions and cutting data.
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