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Abstract: The employment of inertial active damping devices for chatter
suppression in machining processes has been widely studied. The main
drawback is that machine tools generally offer reduced spaces for the actuator
location close to the cutting point and, hence, a reduced volume design is
required for this external device. Consequently, the ratio between the force
capability and the occupied volume is of major importance. Therefore, the
performance of the actuator must be exploited to the fullest, which depends
principally on the selected control strategy to determine the force to be exerted.
The work presents the comparison of the most used feedback control
algorithms and a novel strategy based on the regenerative effect disturbance.
Their results are assessed for orthogonal cutting cases, with the aim of
optimising the behaviour of the active damping system.
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1

Introduction

The recent developments in machine tools and material technology are leading to an
increased demand for a higher productivity and precision in machining processes, while
consuming at the same time the smallest possible amount of material and energy.
Manufactured parts have also become lighter and less stiff to minimise costs or fuel
consumption in transport. This all results in a greater likelihood to have self-excited
vibrations problems, which prevent the machining process from obtaining the required
surface finishes and decrease the life of tools and machine’s mechanical components.
These vibrations, indeed, commonly known as chatter, are considered one of the major
limitations in current machine tools (Altintas, 2012).
Consequently, the modelling and suppression of chatter vibrations has been one of the
major concerns for researchers (Altintas and Weck, 2004). After the first studies, the
regenerative effect was reported as the principal reason for chatter vibrations by Tobias
and Fischwick (1958) and Tlusty and Polacek (1963). Different mathematical models
were then presented (Altintas and Budak, 1995; Zatarain et al., 2004) in order to explain
the phenomenon and predict the process stability diagrams, from a simple orthogonal
cutting case (Merrit, 1965) to more complicated interrupted milling processes (Davies
et al., 2002; Munoa et al., 2013; Iglesias et al., 2016).
Different solutions to suppress chatter have been presented in the literature (Munoa
et al., 2016). Some of them are based on changing the cutting parameters such as the
spindle speed (Smith and Tlusty, 1992; Bediaga, 2009) or the tool geometry (Vanherck,
1967; Iglesias et al., 2019). The regenerative effect distortion is another method to
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stabilise the cutting process by a continuous spindle speed variation (SSV) (Hoshi et al.,
1977; Sexton and Stone, 1978). However, all these solutions require a modification of the
cutting conditions that is not always possible.
One of the most effective methods which is valid for all cutting conditions is to
introduce additional damping to the cutting process (Uriarte et al., 2014). Passive
dampers can be appropriate in many cases (Sims, 2007) but they present limitations when
dynamic parameters can vary considerably. Active systems can be adapted to changing
conditions since their actuation force is based on a vibration measurement and a control
strategy (Cowley and Boyle, 1970). In reference to the manner to introduce active
dampers on a machine, Ehmann and Nordmann (2002) concluded that inertial actuators
located close to the vibration source were the most efficient option. In this regard, several
applications of inertial active dampers have been proposed for different machining
operations (Loix and Verschueren, 2004; Baur and Zaeh, 2012; Barrenetxea et al., 2018).
When these active systems are employed, one of their most important parameters is
the ratio between the force capability and the occupied volume. The inertial actuators are
efficient in high vibration displacement locations and, since modes with high flexibility
on the cutting point are causing chatter vibrations, the actuator proximity to the tool is
required for an efficient performance. The problem is that generally machine tools offer
reduced spaces for the actuator location near the tool and the force capacity of the
actuators is limited by their size. Therefore, the performance of the actuators must be
exploited to the fullest, optimising their control strategy.
Various methods of active vibration control have been proposed in the literature,
which can be classified as feedback or feedforward algorithms (Preumont, 2002).
Generally, feedback controls are used in machine tools, since feedforward controllers
require a reference disturbance signal, which is very complicated to construct in the case
of chatter vibrations.
On the one hand, the strategies can be based on a system behaviour model, such as
the Virtual Passive Absorber (Huyanan and Sims, 2007) or the H∞ robust control (Zaeh
et al., 2017). Although these algorithms can focus the actuation force on the frequencies
of interest, in some cases the elaboration of a reliable mathematical model can be a
complicated task, and at best, it is just a low dimensional approach of the actual system.
Moreover, the model must be adapted for any change on the dynamics or the cutting
parameters. On the other hand, model free control strategies can adapt their actuation to
any changing condition without the need of a model of the system. Indeed, they can
control a wide frequency range, which is usually limited by a high-pass and a low-pass
filter.
As Fuller et al. (1996) stated, the target of the common model free feedback control
laws employed to reduce the vibrations are based on a structural response modification of
the system. That was demonstrated by Brecher and Schulz (2004), where the main
dynamic parameters were modified by using position, velocity and acceleration feedback.
Apart from these three common feedback strategies, the paper proposes the comparison
of another novel feedback algorithm based on disturbing the regenerative effect
(Mancisidor et al., 2015b; Mancisidor et al., 2019). In this way, the aim of the paper is to
define the optimum control strategy for inertial actuators depending on the cutting
conditions, which is demonstrated by stability lobe diagram comparisons.
For that purpose, theoretical simulations and an experimental validation have been
carried out. Experimental cutting tests can generate some problems to compare control
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strategies, due to the lack of repeatability caused by non-controllable parameters such us
tool wear or material properties. These uncertainties can be controlled by a mathematical
model when a hardware-in-the-loop (HIL) simulator is employed. By means of the HIL,
the cutting vibration is induced on a mechanical structure while the active damping
system is introduced in a realistic manner. Thus, real problems such as mechatronic
delays or electrical noises on the sensors appear on the test bench and their influence on
the results can be assessed. Some authors used a cantilever beam as the structure to
introduce the cutting vibration and the active damping (Ganguli et al., 2005; Huyanan
and Sims, 2007; Mancisidor et al., 2013), but the delay existing on the mechatronic
systems was neglected to calculate the cutting vibrations. In the present work, the HIL
proposed by Mancisidor et al., 2015a is tested. In this test bench, the delay is considered
and, hence, the real stability lobes can be reproduced in a linear flexure.

2

Control strategies

The feedback strategies rely on the output measurement information to adapt the response
to a desired value. Such principle can be easily applied to the chatter vibrations scheme
proposed by Merrit (1965) by adding a new closed loop where a control strategy H(s)
calculates the actuation force Fact(s) (Figure 1).
Figure 1

Addition of control closed loop to the block diagram of machining processes (see online
version for colours)

x( s )  Φ( s )  Fc ( s )  Fact ( s ) 



x ( s )  Φ( s ) K f b  hs  x ( s )  e  τs  1   Fact ( s )

(1)



(2)

being hs the static chip thickness related to the feed per revolution, h(s) the total chip
thickness, Kf the specific cutting coefficient, b the axial depth of cut, Fc(s) the cutting
force and τ the revolution period.
For a clear comparison of different control strategies, the present paper considers an
orthogonal single degree of freedom (DOF) case (Figure 2). In this case, the structure
dynamics are described as a simple transfer function (eq.3), where m, c and k are the
structure mass, damping and stiffness respectively. Thus, the effect of each control
algorithm over different dynamic parameter terms can be mathematically explained
through the general cutting equation with the actuator force [equation (4)]. Nevertheless,
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the same statements could be then applied in more complex processes, such as interrupted
milling.
Figure 2

Orthogonal single degree of freedom cutting system

Φ( s ) 

1
ms 2  cs  k

 ms 2  cs  k  x(s)  K f b  hs  x( s)  e τs  1   Fact ( s)

(3)
(4)

Direct velocity feedback (DVF) is the most common control law in machine tools with
chatter problems, when an external actuator is employed. It is based on the measurement
of vibration velocity and its negative feedback is multiplied by a gain (H(s) = –Gv ꞏ s).
Thus, the control forces perform as viscous damping [equation (6)] and increase the
overall damping of the process.
Fact ( s )DVF  Gv  s  x( s )

(5)

 ms 2   c  Gv  s  k  x(s)  K f b  hs  x(s)  e τs  1 

(6)

Direct acceleration feedback (DAF) is a similar algorithm to DVF, but an acceleration
feedback is considered (H(s) = –Ga ꞏ s2) instead. Therefore, the modal mass is affected,
and the natural frequency is increased or reduced, depending on the sign of the gain
[equation (8)].
Fact ( s ) DAF  Ga  s 2  x( s )

(7)

  m  Ga  s 2  cs  k  x(s)  K f b  hs  x(s)  e τs  1 

(8)

A similar effect is caused by direct position feedback algorithm (DPF) (H(s) = –Gp), due
to modification of stiffness [equation (10)].
Fact ( s ) DPF  Gp  x( s )

 ms 2  cs   k  Gp   x(s)  K f b  hs  x(s)  e τs  1 

(9)
(10)

Delayed position feedback (DelPF) is focused on the remaining term, which is the
regenerative effect (H(s) = –Gτ ꞏ e–τs). The control strategy is based on reducing virtually
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the engagement between the current and previous waves and, hence, the stability can be
successfully increased. Moreover, the delays existing on the control system can be
compensated due to its delayed actuation.

Fact ( s )DelPF  Gτ  e

 τs

 x(s)

(11)

 ms 2  cs  k  x( s)  K f b  hs  x( s)e τs 1 




Gτ 

 x(s ) 
K f b 


(12)

If the actuator did not reach saturation, the control delay could totally stabilise all chatter
vibrations, by means of an optimal gain that cancels the delayed term (Gτ = Kfb).
However, the required force is usually high and therefore only a reduction of the
regenerative term is possible (Mancisidor et al., 2019).
Furthermore, the acceleration signal can be employed in the same way as the position
signal, since in critically stable cases these both signals are in counterphase. It is called
delayed acceleration feedback (DelAF) and in this case, a neutral type of delay
differential equation (NDDE) is obtained. Indeed, the feedback must be positive and the
gain should be much smaller.

Fact ( s) DelAF  Gτa  e τs  s 2  x( s)

(13)





  x( s ) 
Kfb 


 ms 2  cs  k  x( s)  K f b  hs  x(s)e τs 1  Gτa s




2

(14)

Therefore, if all the control strategies are considered, the next equation is obtained:

  m  Ga  s 2   c  Gv  s  k  Gp   K f b  hs  x( s)e τs 1 




Gτ 

 x( s ) 
K f b 


(15)

Considering only the dynamic part and the critically stable case (s = iωc) where vibration
oscillates at the chatter frequency ωc and blim is the limit depth of cut for chatter-free
machining


Gτ
ωc2  m  Ga   iωc  c  Gv   k  Gp  K f blim  1 
  K f blim

 iωc τ 
 1
e



(16)

As the imaginary part of equation (16) must be zero, the next relation is obtained:
K f blim 

ωc  c  Gv 
 Gτ
sin ωc τ

(17)

which can be brought in the real part to obtain the relation for the period [equation (20)]:
ωc2  m  Ga   k  Gp  K f blim   K f blim  Gτ  cos ωc τ
ωc2  m  Ga   k  Gp  Gτ 

ωc  c  Gv 
1  cos ωc τ 
sin ωc τ

(18)
(19)
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2
ωc


 ωc2  m  Ga   k  Gp  Gτ
 arctan 
ωc  c  Gv 





  jπ  , where j  1, 2, 
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(20)

If the trigonometric identity approach ((Acos )2 + (Asin)2 = A2) is applied over the real
and imaginary parts of equation (16), the analytical formulation for the limit depth of cut
can be obtained, which can be used to build the stability lobe diagrams:
2
2
 ωc2  m  Ga   k  Gp  K f blim    ωc  c  Gv     K f blim  Gτ 2

(21)

 ωc2  m  Ga   k  Gp   ωc2  m  Ga 2  Gτ2
2 K f  ωc2  m  Ga   k  Gp  Gτ 

(22)

2

blim  ωc  

3

Theoretical simulations

In the present section, the improvement achieved by the described active control
strategies is studied on the stability lobes diagrams. According to Tobias (1965), a
dimensionless formulation can be developed for single DOF systems. The dimensionless
stability diagrams allow the comparisons among different machining conditions, where
the shape of the lobes only depends on the relative damping ratio. Therefore, the stability
study turns out to be more general and independent from machining circumstances.
The present study defines four dimensionless parameters (Zatarain et al., 2010):
relative damping ratio ξ, normalised chatter frequency λ, normalised depth of cut μ, and
normalised rotation frequency . Such parameters can be defined by the next equations
[equations (23), (24), (25) and (26)], where ωn is the natural frequency of the structure.
ξ

c
2mωn

(23)

λ

ωc
ωn

(24)

μ ( λ, ξ )  blim ( λ)

 ( λ, ξ ) 

Kf
2kξ (1  ξ )

Ω
2π

ωn τ ( λ)ωn

(25)
(26)

3.1 Frequency domain simulation
The first simulation is run in the frequency domain, where nonlinearities are discarded.
The obtained stability diagrams allow studying the effect obtained by each control
strategy in a theoretical way (Figure 3). The magnitude of the improvement is not
comparable since the introduced gain is unlimited and therefore, only the tendency is
analysed.
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It can be observed that both DPF and DAF shift the maximum stability point, also
known as ‘sweet spots’, because their modification of mass or stiffness results in a
natural frequency change. Consequently, these two control strategies can be interesting
options when cutting conditions close to the sweet spot need to be stabilised. Conversely,
the improvement obtained by DVF around the sweet spots is negligible, but it increases
considerably the limit depth of cut. As system instabilities are usually happening near the
limit depth of cut, the DVF is the typically used control strategy for inertial actuators. On
the other hand, the novel control strategy (DelPF) shows a similar increase of the
chatter-free zone along every  values. Therefore, it is can be considered as a promising
control law.
However, as previously mentioned, the principal limitation on active drives is the
available volume and, hence, the applicable actuation force. Therefore, in order to
compare these control laws, a force saturation should be also taken into account.
Figure 3

Effect of different control strategies over stability diagrams (see online version
for colours)

3.2 Time domain simulation
When a nonlinear factor such as the inertial actuator force saturation is added to the
process, the combined system equations become nonlinear. This makes the frequency
domain simulation not suitable to simulate the behaviour of the inertial device. Therefore,
in the present work, the same model proposed by Mancisidor et al. (2015b) is adapted to
orthogonal cutting process simulation in time domain, considering the cutting process and
the behaviour of the actuator at the same time.
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First, the proposed feedback strategies have been theoretically simulated for the
dynamic parameters of the HIL structure tested on the experimental validation (Table 1).
The simulated actuator characteristics are described on Table 2. The optimal gain has
been applied for each strategy and the optimal stability limit for an orthogonal single
DOF case has been obtained (Figure 4).
The figure shows that DVF is the best strategy at almost all spindle speeds, which
explains why this strategy is the most employed for chatter vibrations. The novel delayed
position feedback (DelPF) is not far from the effectiveness of DVF and can even
overcome it around the sweet spot zones.
However, the magnitude of improvement is not the same for all zones when DelPF is
used, as frequency domain tests predicted. The reason is that the higher depth of cut the
lower proportion of regenerative part is reduced [see equation (12)], and then the actuator
force saturation can affect significantly. For that reason, the improvement over the DVF
on the sweet spot zones is not as much as expected. After the sweet spot, there also exists
a narrow zone where DPF is the best control law, but with no measurable difference over
the other control strategies. It is demonstrated that DPF and DAF strategies, which
modify the natural frequency, require a huge quantity of force to improve the stability.
Figure 4

Effect of different control strategies over stability diagrams with 1.4% damping
(see online version for colours)

It is known that the effect of DVF is higher in structures with a low damping ratio and, as
explained before, the shape of the dimensionless stability lobes only depends on the
relative damping ratio. Therefore, different relative damping values are simulated in
Figure 5 (ξ = 4%) and Figure 6 (ξ = 12%) while the force saturation is maintained, in
order to compare the control strategies in different conditions.
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Figure 5

Effect of different control strategies over stability diagrams with 4% damping
(see online version for colours)

Figure 6

Effect of different control strategies over stability diagrams with 12% damping
(see online version for colours)

The figures show that the difference between DVF and DelPF are considerably reduced
when the damping is increased. The zone where DelPF bests the other control strategies
becomes wider at the expense of DVF control strategy. Nevertheless, the difference is
negligible.
In conclusion, the results show that when orthogonal cutting is performed, DVF
control law is the best strategy, although its difference is reduced as the original damping
of the system is higher. Moreover, the excellent theoretical performance of the novel
control law presented in this study (DelPF) with respect to the other strategies is
highlighted.

4

Experimental validation in HIL

The theoretical results are simulated in an ideal environment, but the introduction of
some noise or delay can have a big impact on the obtained conclusions.
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Apart from the real inertial actuator saturation, another important effect which limits
the performance of a feedback controller in mechanical systems is the unmodelled system
delay (Fuller et al., 1996). Such phase shift may arise because of the dynamic response of
the sensors and actuators being used or due to time delays in the controller. If either
position or acceleration feedback are implemented in a control loop with a system delay,
the effect of the delay changes considerably the damping of the system. This fact
significantly modifies the behaviour of the control and, in some cases, the system can
become unstable. In contrast, when velocity feedback is employed, the delay has only a
small effect on the effective mass and stiffness, which makes it a more robust control
strategy. On the other hand, when the novel strategy (delayed position/acceleration
feedback) is applied, the force is introduced with the revolution period delay, which is
usually higher than the existing delays due to the actuator and controller. Therefore, these
undesired delays can be compensated, reducing the revolution period delay of the
feedback control.
In order to analyse these problems, the present work uses the hardware-in-the-loop
(HIL) proposed by Mancisidor et al. (2015a) to compare the stability improvements
achieved by each control law. This system reproduces experimentally on a simple
mechanical structure any equivalent orthogonal cutting process where the regenerative
chatter can appear. The use of this kind of test-benches avoids several repeatability
problems which can arise in real cutting tests due to the involvement of a large number of
uncertain parameters such as tool wear or material properties.
Table 1

Dynamic parameters of the structure

Natural frequency
ωn (Hz)
177.8
Table 2

Damping
ξ (%)

Rigidity
k (N/m)

1.4

43.24 ∙ 107

Dynamic parameters Data Physics V2 actuator

Suspension frequency ωn act
Damping ratio ξact
Stroke
Actuator delay τact
Bandwidth
Force capability Fact max

13 Hz
0.9%
±1.25 mm
650 μs
20–300 Hz
5N

The HIL system employed in this work is based on a linear flexure structure (see Table 1)
and the damping is provided by means of eddy currents, which introduce a pure linear
viscous damping without changing other dynamic properties. In this way, the possibility
of reproducing different damping values (up to 4%) is enabled. The active control system
is mounted as shown in Figure 7, where Data Physics V2 shaker (Table 2), with a 5N
force capability is hung and a collocated accelerometer is used for feedback.
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Hardware-in-the-loop system with the active control loop (see online version
for colours)

Source: Mancisidor et al. (2015a)

The feedback control is performed by a dSPACE DS1005 with a 500 μs sampling period.
The low and high frequency noise is filtered by a band-pass between 100 and 1,000 Hz
and the commanded voltage has been limited in order not to exceed the maximum force
capability of the active actuator.
In order to verify the theoretical simulations showed previously, the damping ratios of
1.4% and 4% have been tested. Figure 8 shows the results for the HIL simulator with
original damping (1.4%), which are not far from the theoretical simulation. DVF control
law is still the best in almost all zones, although the other strategies, principally DelPF,
can overcome DVF around the sweet spot. When the damping of the system is increased
to 4% (Figure 9), the delayed feedback strategy is very close to DVF and its improvement
more sizeable on the sweet spot. This demonstrates that DelPF is a control strategy to
bear in mind in future inertial actuator applications.
Figure 8

Comparison of strategies in the HIL simulator with 1.4% damping (see online version
for colours)
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Comparison of strategies in the HIL simulator with 4% damping (see online version
for colours)

Conclusions

The machine tools offer reduced spaces for integrating inertial actuators close to the
cutting point with the objective of suppressing chatter vibrations, and, therefore, the
actuation force must be optimised as much as possible. This work presents a comparison
of model free feedback control strategies for chatter suppression in a single degree of
freedom orthogonal cutting case.
First the effect of each strategy on the terms of the dynamic characteristic equation is
analysed and then the improvement carried out by the control strategies is studied in the
stability diagrams.
The theoretical simulations show that direct velocity feedback (DVF) obtains the
highest improvement on the minimum stability zone of the lobe diagram, while the novel
delayed position feedback (DelPF) can overcome the improvement obtained by DVF in
maximum stability zones. Moreover, the higher the damping of the system, the lower the
improvement difference of DVF with respect to the delayed feedback strategy is.
These results are confirmed by hardware-in-the-loop simulations, which are closer to
the reality due to the introduction of problems such as electrical noise or control delays.
Therefore, in orthogonal cutting process, the DVF law performs better, although the
DelPF is close to it and even better in small areas around the resonance speeds.
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