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To isolate precision machines from floor vibrations, active vibration isolators are often applied. In this
paper, a two-sensor control strategy, based on acceleration feedback and force feedback, is proposed for
an active vibration isolator using a single-axis active hard mount. The hard mount provides a stiff support
while an active control system is used to get the desired isolation performance. In our previous work, we
showed that a sensor fusion control strategy for active hard mounts can be used to realize three
performance objectives simultaneously: providing isolation from floor vibrations, achieving a low
sensitivity for direct disturbance forces, and adding damping to internal modes of the supported
precision machine. In the present work, an enhanced control strategy is presented, referred to as two-
sensor control. We will show that two-sensor control outperforms sensor fusion, because it has more
possibilities for loop-shaping and has better stability properties. The two-sensor control strategy is
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successfully validated on an experimental setup.
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1. Introduction

Vibration isolators are widely used in high-precision machines
(e.g. wafer scanners) (Heertjes, de Graaff, & van der Toorn, 2005).
Passive isolators consist of physical springs and dampers between
the floor and the supported machine (Rivin, 2003). Such isolators
can only reach a limited performance because a large passive
damping of the suspension mode leads to less vibration isolation
at high frequencies (Karnopp & Trikha, 1969). Active isolators
contain, in addition to physical springs, a control system to realize
active vibration control.

For vibration isolators in general it holds that vibration isola-
tion is obtained above +/2 times the system’s suspension fre-
quency, which is calculated as the square root of the support
stiffness divided by the supported mass. To obtain a low suspen-
sion frequency (typically 1-2 Hz) the machine is usually mounted
on low-stiffness springs, the so-called soft mounts (Heertjes et al.,
2005). However, the low support stiffness introduces leveling
problems, and it also makes the machine susceptible to direct
disturbance forces (e.g. caused by cables, accelerating stages, etc.)
(van der Poel, 2010). An alternative approach is using active hard
mounts (Beard, Schubert, & von Flotow, 1994; Nelson, 2002;
Tjepkema, van Dijk, & Soemers, 2011; van der Poel, 2010), which
provide a much stiffer support. Due to the higher suspension
frequency (typically 10-20 Hz) the transmissibility of floor
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vibrations must be actively reduced to make it comparable to that
of soft mounts (Tjepkema et al., 2011). A consequence of actively
reducing the suspension frequency is that internal modes are also
lowered in frequency and remain poorly damped (Tjepkema et al.,
2011; van Dijk, 2009). Poorly damped internal modes result in a
relatively large internal deformation and settling time, and as a
consequence a relatively large misalignment within the machine
(Holterman & de Vries, 2004).

To improve the performance of active hard mounts, we present
a two-sensor control strategy that satisfies three performance
objectives simultaneously: (1) realizing a low-frequency and well-
damped suspension mode to obtain a low transmissibility of floor
vibrations, (2) providing a stiff support, and (3) increasing the
damping of internal modes. We will show that we can damp
internal modes of active hard mounts by damping the anti-
resonances in the control loop. We will show also that this is
not possible when only a single sensor is used. The two-sensor
control strategy results always in a stable system as long as the
sensors and actuators are collocated. The controller needs no
prior knowledge of the internal modes, therefore no detailed
model is needed and model uncertainties do not limit the
performance of the controller. The two-sensor control strategy
presented in this paper is developed from the sensor fusion
control strategy presented in our previous work (Tjepkema
et al., 2011). Using sensor fusion, the outputs of an accelerometer
and a force sensor are merged and fed back to a single-input
single-output (SISO) controller. Using two-sensor control, sepa-
rated feedback controllers are designed for each sensor signal,
resulting in a multiple-input-single-output (MISO) controller.
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Therefore two-sensor control has more possibilities for loop
shaping and better stability properties.

Two-sensor control by combining absolute motion feedback
(e.g. using a geophone or accelerometer) and force feedback has
already been used in several applications for vibration isolation.
Among others, Gardonio, Elliott, and Pinnington (1997) studied the
combination of velocity feedback and force feedback to reduce the
structural power transmission from a vibrating source to a receiv-
ing plate. Hauge and Campbell (2004) used two-sensor control for
vibration isolation in aerospace equipment to profit from the low-
frequency performance of a geophone and the high-frequency
robustness of a load cell. Pantazi, Sebastian, Pozidis, and
Eleftheriou (2005) used two-sensor-based H,, control such that
they can use different sensors for the low- and high-frequency
range to determine the position of a probe storage. El-Sinawi
(2004) and van der Poel (2010) use two-sensor control to realize a
feedforward-feedback controller for active vibration isolation,
using a floor sensor for feedforward and a machine sensor for
feedback control. However, none of the two-sensor control stra-
tegies described in these references can be used directly for
simultaneously realizing the three mentioned performance objec-
tives as mentioned above. Therefore we present in this paper a
two-sensor control strategy which specifically aims at simulta-
neously realizing these three performance objectives.

This paper is organized as follows. Section 2 describes the
limitations of single-sensor control. The two-sensor control strat-
egy is explained and compared to sensor fusion in Section 3. The
validation of the proposed control strategy on an experimental
setup is described in Section 4. Sections 5 and 6 present a
discussion and the conclusions, respectively.

2. Feedback control using a single sensor

This section starts with a description of the plant model for active
hard mounts and a definition of the performance objectives. Subse-
quently the controllers for single-sensor control are designed. The
section ends with discussing the limitations of single-sensor control.

2.1. Description of the plant

To model a machine supported by an active vibration isolator, a
rigid-body model can be used as shown in Fig. 1. The model
consists of a rigid body with machine mass m on a hard mount
with stiffness k;. The actuator produces a force F, and is assumed
to behave as an ideal actuator within the bandwidth of the
controller. The position of m can be disturbed by a floor motion
Xo (broadband floor vibrations) and a direct disturbance force F,4
(originating from moving stages, acoustical noise, etc.). Since
practical vibration isolators contain parasitic stiffness paths (e.g.
originating from cables and guidances), a small parasitic stiffness
kp is taken into account. Measurements are taken from an accel-
erometer X; on m and a force sensor F located between the mount
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and m. The stiffness of the force sensor is considered to be infinite.
No physical damper is present since the suspension mode is
actively damped and the mechanical damping of a physical spring
is assumed to be negligible. It is assumed that the floor can be
considered as an ideal displacement source. Since precision
machines are usually placed on stiff and heavy floors, the effect
of the actuator force F, on the floor displacement is negligible,
which justifies this assumption (van der Poel, 2010).

To model an internal mode of the machine, a flexible-body
model, as in Fig. 2, can be used. Therefore the supported machine
mass m is split into two separate masses m; and m, connected by a
spring with stiffness k,. Numerical values for this model are listed
in Table 1. These numbers correspond to the values of the
experimental setup used in Section 4. With these values of the
masses and the stiffnesses, the suspension frequency of the
machine is 13 Hz, while the internal mode has a resonance
frequency of 93 Hz. This suspension frequency is typically for an
active hard mount vibration isolator (Tjepkema et al., 2011) and
93 Hz is typical for a first resonance frequency of the internal
mode of a precision machine (Holterman & de Vries, 2004). A
parasitic stiffness of 1% of the value of suspension stiffness k; is
taken into account. Table 1 also contains numerical values for an
ideal soft mount system, which will be used as a reference system.
The ideal active soft mount system has a suspension frequency of
1 Hz with 70% skyhook damping (Tjepkema et al., 2011).

2.2. Performance objectives

To analyze the performance of the vibration isolator, three
transfer functions are defined as performance objectives. The first
function is the transmissibility, describing the response of the
machine to floor vibrations:

X1(s)

T(s)== .
© Xo(s)

M

Note that X;(s) is a short notation for s2X;(s). The second function
is the compliance, describing the response of the machine to direct
disturbance forces:

X1(s)
Fy(s)’
The third function is the deformation transmissibility, describing

the response of internal machine deformations (AX(s) =X(s)—
X1(5)) due to floor vibrations:

Cis)=

2

AX(s)

T =_ X
a(s) %o(s)

3

A high deformation transmissibility leads to internal deformations,
and thus performance limitation because of misalignment in the
machine.

4
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Fig. 1. Rigid-body model for active vibration isolation with (a) acceleration feedback and (b) force feedback. The active hard mount is modeled as an actuator force F, and
a high-stiffness spring k;. Mass m represents the suspended machine, spring k, represents a parasitic stiffness.
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mount
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Fig. 2. Flexible-body model, containing one internal mode (acceleration feedback).
In contrast with the rigid-body model from Fig. 1, the machine is modeled now as
two masses, m; and m,, connected by an internal machine stiffness k.

Table 1
Mass and stiffness properties of hard and soft mount systems.

System my (kg)  ma(kg) ki (N/m) ko (N/m) Kk, (N/m)
Hard mount 2.8 2.6 36 000 450000 360
Soft mount 2.8 2.6 213 450 000 0

2.3. Controller design

This section describes the controllers for single-sensor control
using either acceleration or force feedback. The controllers are
used to lower the suspension frequency of the hard mount and to
add damping to the suspension mode.

2.3.1. Acceleration feedback

For acceleration feedback by measuring X;, the following PI
controller can be used to fulfill the requirements (Tjepkema et al.,
2011):

Fq K,

A physical interpretation of this PI controller is the addition of
virtual mass by the proportional (P) action to lower the suspension
frequency, and virtual sky-hook damping by the integral (I) action
to damp the suspension mode (van Dijk, 2009). The numerical
values for K, and K, depend on the desired closed loop transmis-
sibility, i.e. the closed loop suspension frequency and its relative
damping. Therefore an expression for the closed loop transmissi-
bility is derived first. The derivation starts with the Laplace
transform of the equation of motion for the rigid-body model
(Fig. 1):

(ms? + ki +kp)X1(5) = (k1 +kp)Xo(5)+Fa(s)+Fa(s). (5)

Next, substitute Fq(s)=Hy, (5)X1(s) in (5), with Hy () as given in
(4). After this substitution, the following transmissibility function
is obtained for the closed loop system with acceleration feedback:

k1 +kp

m+Kg,

K, i +kp
m+K,  m+Kq

I(s)= ©)

52+

This transfer function can also be written as
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From (6) and (7), the closed loop suspension frequency @, and its
relative damping ¢, are derived:

- k] —I—kp
On=\m¥K, ®)

Ky

Cn= 20n(m+Kg)

9
From (8) and (9) it follows that the closed loop parameters @, and
£, can be set to any desired value by choosing the appropriate
values for K, and K,. We choose @, =12z rad/s and {, =0.7 to
make the transmissibility of an active hard mount system compar-
able to that of an ideal soft mount system. Given these control
objectives, the controller parameters are calculated by rewriting
(8) and (9) and using the numerical values from Table 1:

—m=9.2x 10%, (10)

Ky =2 ,0n(Ka+m) =8.0 x 10%. (11)

Similar to T(s), the compliance of the closed loop system with
acceleration feedback can be derived from (5):

1

€O = K2+ Kys + 0k 7o)

(12)

The static compliance (C(s - 0)) equals 1/(kq +kp). This implies that
the control system with acceleration feedback does not negatively
affect the desired high static stiffness of the passive hard mount.

2.3.2. Force feedback

Using force feedback, the normal force measured by F(s) can be
expressed as the sum of actuator force F,(s) and the normal force
in spring k,, see Fig. 1:
Fs(s) = Fa(s) — k1 (X1(5) = X0(S))- (13)
Combining (13) and (5) leads to an alternative expression for F(s):
F5(5) = ms®X1(5)+kp(X1(5) — Xo(5)) — Fa(s)- (14)

If one neglects the contributions of k, and F; in (14), it follows that
the sensors F; and X1 measure the same signals except for a gain m.
Therefore controller (4), which was designed for acceleration
feedback, can also be used for force feedback when it is scaled
with 1/m:

_Fo(s) 1 Ky
HE,(5)= Fus) _E<K“+T)' (15)

Numerical values for K, and K, are directly adapted from (10) and
(11), respectively. To obtain the closed loop transfer functions of
T(s) and C(s) in the case of force feedback, substitute F,(s)=
HE,(S)Fs(s) in (5), whereby an expression for Hg (s) is found in (15)
and an expression for Fs(s) is found in (14). The closed loop
transmissibility reads then

kl kp Ky
m+K, " m <1+(m+Ka)s

K ko k K :
2 v 1 l v
Stk Tmak, Tm (1+(m+1<a)s>

T(s) = (16)

Assuming K, =0, (16) can be written in the form of (7), hence an
expression for the undamped suspension frequency is obtained for
the closed loop system with force feedback:

_ k] kp
@n = \/m+1<a+ﬁ' an

It follows from (17) that the suspension frequency is limited by the
factor k,/m when force feedback is used. The compliance for the
closed loop system with force feedback equals

1 <1+Kiv>
Cis)= m (m+Kq)s . (18)

K Kk K
2 v 1 “p v
S Ak, Tmek, Tm (1 (m+1<a)s>
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For force feedback, the static compliance (C(s—0)) equals 1/kp.
This means that for force feedback, in contrast with acceleration
feedback, the control system significantly increases the static
compliance. Because of the limitations in @, and ((s) for force
feedback, acceleration feedback is preferred over force feedback.

2.3.3. Stability improvement

The controllers (4) and (15) are extended with filters to
improve the stability properties of the control system. To prevent
actuator saturation, the controller gain is penalized by a second-
order high-pass filter at 0.1 Hz (w; =0.1 -2z rad/s, {;=0.7). This
filter frequency is a factor 10 lower than the desired suspension
frequency (1 Hz), so the filter will not influence the controller
action at the suspension frequency. At high frequencies, the
controller bandwidth is limited by a second-order low-pass filter
to prevent stability problems due to non-modeled high-frequency
dynamics and sensor noise. The corner frequency of the low-pass
filter is set to 20 Hz (wy =20 - 2z rad/s), resulting in an attenua-
tion of 50dB in the transmissibility [(wf/mn)?=(20/1)*=
400 > 50 dB]. An attenuation level of 50 dB is comparable to the
attenuation provided by soft mount systems (Tjepkema et al.,
2011). The relative damping (¢ of the low-pass filter can be set to
any value. In this paper {; = 0.07 is used. A lower value of {; results
in more vibration isolation in the frequency range around wy.
Finally, a zero at 290 Hz (w, =290 - 2z rad/s) is added to improve
the phase margin around the high cross-over frequency, which is
the frequency where the magnitude of the loop gain (explained
later) is equal to one. The improved controllers for acceleration
feedback and force feedback are

K, 52 wf s+,
H; = —(Kq+— 19
%19 ( at s>52+2§,w,s+w,252+2¢’fwfs+w]% w; "’ {19
Hf, 1 ()= mebr(S) (20)
The corresponding loop gains are
Ly () = Gy, ($)Hg, (5), 21
LF,(s) = Gr,(S)HF, (S). (22)

Expressions for the transfer functions GX](S)z)"(](s)/Fa(s) and
Gr,(S) =Fs(s)/Fq(s) can be derived by analyzing the equations of
motion of the flexible-body model in Fig. 2. The loop gains are
plotted in Fig. 5.

2.4. Modeling results

In Fig. 3 the performance of hard mount systems is compared
to that of an ideal soft mount system for which the values are
listed in Table 1. The passive soft mount system already has

a suspension frequency of 1 Hz, so its control system only has to
provide sky-hook damping. This is realized by using controller (4)
for the soft mount with K, =0 and K,, according to (9).

Fig. 3(a) shows the transmissibility T(s). The transmissibility of
the active hard mount system with acceleration feedback and the
active soft mount system are comparable in the frequency range
up to 20 Hz. Beyond 20 Hz, the controller action of the hard mount
is cut off by the low-pass filter in (19). The transmissibility of the
active hard mount system with force feedback is not as desired,
since the achievable suspension frequency is limited by the
parasitic stiffness, see (17).

Fig. 3(b) shows the compliance C(s). Using acceleration feed-
back, the static compliance is 1/(k;+kp), see (12), which is as
desired. Using force feedback, the static compliance is 1/k;, see
(18). The static compliance of the soft mount is about 170 times
higher than that of the hard mount.

Fig. 3(c) shows the deformation transmissibility T,(s). Com-
pared to the soft mount, the magnitude at the resonance fre-
quency of the internal mode of active hard mounts is much higher
for both acceleration feedback (at 66 Hz) and force feedback (at
92 Hz), which is undesired. For acceleration feedback, the internal
mode is lowered in frequency, which is also undesired. Both
feedback strategies fail to damp the internal mode.

3. Two-sensor control (TSC)

In Section 2.2, three performance objectives for active hard
mount systems are defined. Section 2.4 shows that at best only
two of these objectives, i.e. a low transmissibility and a low
compliance, can be satisfied simultaneously with single-sensor
control. In this section, it will be shown that it is possible to satisfy
all three performance objectives simultaneously when using two-
sensor control (TSC). In this paper, TSC is a combination of
acceleration feedback and force feedback. This section describes
how TSC can be used to increase the damping of an internal mode,
gives a stability analysis of TSC, and shows how TSC can be used to
satisfy all three performance objectives simultaneously. At the end
of this section, it is shown that TSC outperforms the sensor fusion
strategy described in Tjepkema et al. (2011).

3.1. Adding damping to internal modes

Consider the closed loop system in Fig. 4. The plant transfer
functions Gy(s), from input j to output i, can be derived from the
model in Fig. 2. The plant has three inputs, i.e. a floor acceleration
Xo(s), a direct disturbance force Fy(s), and an actuator force Fy(s).
The plant has three outputs, i.e. the accelerometer X;(s), the force
sensor Fy(s), and a virtual measurement of the internal deforma-
tion AX(s). From SISO control systems it is known that the closed
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Fig. 3. Bode magnitude plot for comparing the performance of passive and active hard mount systems with the performance of an ideal soft mount (Ref. S.M.) system. The
performance is assessed by means of the transmissibility (left), compliance (middle) and deformation transmissibility (right).
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Fig. 4. Closed loop system with two-sensor control. The plant transfer functions
Gij(s) can be derived from the model in Fig. 2; the feedback controllers are Hy (s)
and Hp, (s). The Laplace operator (s) has been omitted in the figure.
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Fig. 5. Bode diagram of the loop gains for acceleration feedback (gray solid line),
force feedback (gray dashed line) and the total loop gain (black solid line). Notice
the different anti-resonance frequencies for acceleration feedback (66 Hz) and force
feedback (92 Hz). Also notice the anti-resonance in L(s) at 76 Hz, caused by the 180°
phase difference between L)'é. (s) and Lg,(s) while the gain is the same for Lih (s) and
LF; (8).

loop transfer function from Xo(s) to AX(s) equals the open loop
transfer function Gs;(s) = AX(s)/Xo(s) scaled with the sensitivity
function 1/(1+L(s)). In Appendix A it is shown that the same
relation holds in the case of two controlled outputs:

AX(s) 1
Xo(s) ), 1+LS)

where c.l. stands for closed loop, and the total loop gain L(s) is the
sum of Ly (9) and Lg,(s) as defined by (21) and (22), respectively.
From (23) it can be concluded that a high magnitude of L(s) results
in a strong attenuation of internal deformation. On the other hand,
if L(s)—0, such as in the case of a poorly damped anti-resonance
frequency, there is no active attenuation of internal deformations.
Therefore, L(s) should not contain poorly damped anti-resonances
in the frequency range where internal modes must be damped.
Fig. 5 shows the bode plots for Ly (9 and Lg,(s), in the case of
single-sensor control defined by (21) and (22), respectively, and
the sum L(s) =Lg, (s)+LF,(s). From Fig. 5 it is observed that both
Ly (9 and L, (s) contain anti-resonances, but that they differ in
frequency. The frequencies of these anti-resonances are approxi-
mated (see Tjepkema et al., 2011) as

G31(9). (23)

Ds, = [ =66 Hz (24)
k2
or, |22 (1 +m1> 92 Hz. (25)

Fig. 5 also shows that an anti-resonance in L(s) appears at 76 Hz,
because at this frequency both Ly () and Lr,(s) have the same
magnitude (22 dB) but opposite sign due to a 180° phase differ-
ence. A method to circumvent such anti-resonances caused by

a 180° phase difference, without precisely knowing the internal
resonances of the plant, is realizing a 90° phase difference
between Ly (5) and Lg,(s). In the complex s-plane this is interpreted
as the summation of two perpendicular vectors, which can never
result in a zero value. This method is illustrated by the example in
the following subsection.

3.1.1. Example: damping the internal mode

As an example, consider the controllers H; ,.(s) = 105/s2 and
Hp, ex(s)=500/s for acceleration feedback and force feedback,
respectively. The corresponding bode plots are given in Fig. 6. In
this example, Hy .. (s) has a roll-off rate of —40 dB/decade and
HF, ex(s) has —20 dB/decade Both controllers are 90° out-of-phase
in the complete frequency range. The corresponding loop gains are
given in Fig. 7. In the frequency range between w, %, (66 Hz) and
wqr, (92 Hz), the phase difference between Ly, ex(®) and Lg, ¢x(S) is
equal to +90°, elsewhere the phase difference is —90°. From Fig. 7
it is observed that this method performs well since Le(S)=
Ly, ex(®) +Lr, ex(s) has no poorly damped anti-resonances anymore.
From the theory in the previous subsection it follows that this is
equivalent to adding damping to the internal modes.

This example shows that it is possible to damp anti-resonances
in the control loop using two-sensor control. This is possible
because the anti-resonance frequencies are not closely located to
each other (66 Hz vs. 92 Hz). However, when the anti-resonance
frequencies almost coincide, neither acceleration feedback nor
force feedback can put a strong control action to the system at

Example: damping the internal mode (Controllers)

N
o

20

Magnitude (dB)

10 10
Frequency (Hz)
Fig. 6. Example bode diagram of an acceleration feedback controller (solid line)

and a force feedback controller (dashed line) satisfying the 90° out-of-phase
property. This property is used to damp internal modes of the suspended machine.

Example: damping the internal mode (Loop gain)
100

50 j\

Magnitude (dB)
\\\
4

-50
180

Phase (deg)
o

-90 i —

Frequency (Hz)

Fig. 7. Corresponding loop gains for the controllers shown in Fig. 6. Ly, ex(S) is the
loop gam for acceleration feedback, Lp ((s) is for force feedback, and
Lex(s) = x| ex(8) L, ex(s) is for two-sensor control. It appears that Le(s) has no
poorly damped anti-resonance anymore, because of the 90° out-of-phase property.
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that frequency. The result is that the summed loop gain will still
have an anti-resonance at that specific frequency, leading to an
internal mode that is still poorly damped. In our example, the anti-
resonances are located far enough from each other because the
mass ratio m,/my is sufficiently large.

3.2. Stability analysis

In Fig. 6, the roll-off rates are —40 dB/decade for Hy ox(5) and
—20 dB/decade for Hf, ¢x(s). From a stability point of view, this is
the only possible combination of roll-off rates. Suppose, as an
alternative, a —20 dB/decade rate for Hy . (s) and a 0 dB/decade
rate for Hr, «x(s). Then the 90° phase difference is still achieved, but
the force feedback loop has no roll-off anymore. This results in an
infinite bandwidth of the force feedback loop and therefore
stability problems due to higher-order dynamics and sensor noise.
Another alternative could be a roll-off rate of —60 dB/decade for
Hy ox(S) and —40 dB/decade for Hp, x(s), but this can lead to
stability problems due to the crossing of the —180° phase line of
Lex(s).

Using a roll-off rate of —40 dB/decade for Hy ox(8) and —20 dB/
decade for Hf, ¢x(s), stability of the closed loop system is guaran-
teed if the sensors and actuators are collocated. A property of
collocated control is that variations in the phase ¢ due to internal
modes are always in between ¢ and ¢+ 180°. The loop gains of the
system are designed such that for acceleration feedback ¢p= —180°
and for force feedback ¢p=—90°, see Fig. 7. This means that, for
collocated control, the phases of our example loop gains Ly, ex(®
and Lf, ¢x(s) do not drop below —180°. Therefore, the phase of
Lex(s) will not drop below ¢ = —180°, because the phase of L.(s) is

Final controllers for TSC
100

50 ~

Magnitude (dB)
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Fig. 8. Bode diagram of the designed controllers for two-sensor control (ks=20). At
low frequencies, acceleration feedback is dominant because force feedback suffers
from parasitic stiffness effects. At high frequencies, the 90° out-of-phase property
between acceleration feedback and force feedback is obtained.

always in between the phases of Ly, ex(®) and Lr, ex(s), see Fig. 7.
This implies that the closed loop system with TSC is stable.

3.3. Controller design and modeling results

To satisfy all three performance criteria from Section 2.2
simultaneously, acceleration feedback (Section 2) is used for low
frequencies and TSC (Section 3.1) is used for high frequencies. TSC
restricts the roll-off rate for the acceleration feedback controller to
—40 dB/decade (phase —180°) and for the force feedback con-
troller to —20 dB/decade (phase —90°) at high frequencies.

The acceleration feedback controller from (19) can be used for
TSC if the zero at 290 Hz is removed. This zero must be removed to
preserve the —40 dB/decade roll-off at high frequencies. The
resulting controller reads

2
52 Wi

. 26
s+ 20 w5+ w? 52+Zwafs+wf2 (26)

K
Hy r5c(8)=— (Ka—b—?")

The force feedback controller (20) for single-sensor control is not
used for TSC, because it has no longer the role of adding virtual
mass and sky-hook damping. At low frequencies the controller
gain for force feedback must be limited to prevent distortion of the
compliance. This is realized by a second-order high-pass filter with
a corner frequency of 20Hz (w;=20-2zrad/s) and a small
relative damping {;= 0.07. These values are identical to the
values of the second-order low-pass filter in (26) to create the
same behavior in the drop of the phase angle around 20 Hz. To
realize the desired roll-off rate of —20dB/decade at high
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Fig. 10. Bode diagram showing the influence of a varying ks on the loop gain for
two-sensor control. On the one hand, a higher k results in more damping of the
anti-resonance, but on the other hand also the cross-over frequency increases,
resulting in a higher bandwidth of the control system. The figure also shows the
loop gain when using sensor fusion. In the latter case, the phase angle crosses the
—180° line, which can result in an unstable system.
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Fig. 9. Bode magnitude plots showing the influence of a varying ks on the closed loop performance using two-sensor control (TSC), i.e. transmissibility (left), compliance
(middle) and deformation transmissibility (right). The line passive refers to a passive hard mount vibration isolator, the line SF refers to sensor fusion.
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frequencies, an additional first-order low-pass filter with a corner
frequency of 20 Hz (w; =20 - 2z rad/s) is used. The result is the
following force feedback controller:

s2 [

. 27
2+ 20 wps+w} S+ oy @7

HE, 1sc(s) = kf

Fig. 8 shows bode plots of controllers (26) and (27). The
controller gain kr can be used to tune the loop gain, see Fig. 10,
and the performance, see Fig. 9. The transmissibility is hardly
affected by the choice of ky, see Fig. 9(a). An increased value for k¢
results in a higher compliance, see Fig. 9(b), but also in more
damping of the internal mode, see Fig. 9(c). From the loop gain
plot in Fig. 10 it is observed that an increased value for ks results in
a higher crossover frequency and therefore a higher control
bandwidth, but also in more damping of the anti-resonance at
66 Hz (see (23)). The damping of the anti-resonance in the loop
gain is coupled to the damping of the internal mode in Fig. 9(c).
For the experimental validation described in the next section, the
value k; = 20 will be used, since it is a good compromise between
damping of the internal mode, the compliance and the controller
bandwidth.

3.4. Comparison with sensor fusion

Section 3.3 shows that two-sensor control (TSC) can be used to
realize all three performance objectives from Section 2.2 simulta-
neously. In our previous work (Tjepkema et al., 2011), we showed
that Sensor Fusion (SF) leads to similar results for active hard
mount systems. The performance of the closed loop system with
sensor fusion is also shown in Fig. 9. Using SF as described in
Tjepkema et al. (2011), the sensor signals of X; and F; are merged
using complementary filters (a low-pass filter and high-pass filter
of which the sum equals one). Signal X, is low-pass filtered and F;
is high-pass filtered and scaled with the total machine mass. The
merged signal is fed back to a controller similar to (19). This is
effectively the same as implementing the following controllers for
acceleration and force feedback in the case of sensor fusion:

@p

HXI,SF(S) = H)'(hr(s)s_kwp,

(28)

S

H S)= H; ()
F,,SF(S) M %€ St o,

(29

with Hg (s) as described by (19), and wy, is the corner frequency of
the complementary filters. Yet we will show that TSC is preferred
over SF.

The first reason to prefer TSC over SF is an enhanced freedom in
controller design. TSC is based on a 90° phase-difference between
acceleration feedback and force feedback to damp internal modes
at high frequencies. Using TSC, the controller structure may be
completely different at low frequencies. With SF, the controller
structure for acceleration feedback and force feedback is the same
in the complete frequency range, except for the complementary
filters. Therefore SF has an unnecessary constraint on the con-
troller structure. Due to this unnecessary constraint, the gain of
HF, s¢(s) is much higher than that of Hg, 1sc(s) at low frequencies,
resulting in less performance using SF. This is because force
feedback increases the compliance at low frequencies, see Fig. 3.

The second reason is the stability property of TSC. It is shown
that TSC remains stable as long as the sensors and actuators are
collocated, because then the total loop gain never crosses the
—180° line. SF does not have this property, because it has a —180°
phase crossing of the total loop gain, see Fig. 10. This is caused by
the low-pass filter at ), in Hy g (5).

The third reason is that TSC can easily be tuned such that
multiple internal modes are damped just by realizing a sufficiently

act. acc. shaker

my acc. fre.

Fig. 11. Experimental setup for the single-axis active vibration isolator. The setup
corresponds with the flexible-body model from Fig. 2. The setup is aligned
horizontally to prevent gravity compensation.

high total loop gain. This is in contrast with SF which aims at
maximizing the damping of only one internal mode.

4. Experimental validation

An experimental setup, that represents the model of Fig. 2, is
used to validate the designed controllers. The setup is shown in
Fig. 11. In this figure, mq is the floor body which can be excited by a
shaker. Body mg is connected to body m; by a mount that consists
of a voice coil actuator act, generating a force F,, and a parallel
stiffness kq. Spring k; is relatively stiff to represent a hard mount.
m; and m, are machine bodies interconnected by a compliant
element with stiffness k,. The devices acc. are piezoelectric
accelerometers at mg, m; and m,. A force sensor frc. is mounted
between act and m;. An additional voice coil actuator vca is used to
apply direct disturbance forces to the system. The bodies are
mounted in a linear guidance to allow motion in one direction
only. To prevent the need for gravity compensation the setup is
placed horizontally. Numerical values for the masses and stiff-
nesses are given in Table 1. The controllers are implemented on a
dSpace digital signal processor using a sample frequency of
12 800 Hz. The measurement signals are fed to a charge amplifier
containing a band-pass filter with corner frequencies 0.1 Hz and
3 kHz. An additional zero at 680 Hz is used in the controllers to
compensate for the induction pole of the voice coil motor.
Furthermore the filter frequency w; of the high-pass filter in the
acceleration feedback controller (26) is increased from 0.1 Hz to
0.3 Hz to circumvent drift in the controller signal. This drift
originates from the piezoelectric sensors, which give unreliable
measurements at low frequencies.

To determine the (deformation) transmissibility the floor body
is excited by a shaker such that the velocity spectrum of body my is
25 pm/s RMS per 1/3 octave, which is comparable to VC-B curve
excitation as defined by Gordon (1991). To determine the com-
pliance, a direct disturbance force is applied by the additional
voice coil actuator vca. This actuator provides a random signal of
0.3 N RMS.

In practical applications it will be hard to measure Ax. For this
setup there is an indirect method to measure it. This is because the
setup consists of two clearly separated masses m; and m,. By
neglecting the parasitic stiffness effects of the linear guidance for
mass m, and analyzing the equation of motion of m, in Fig. 2,
which is given by

MyXo(s) = —ka AX(S), (30)

it is observed that Ax can be approximated by scaling X, by
a factor —mjy/k,. Since measuring X, is much easier than Ax,
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Fig. 12. Bode magnitude plot with experimental results for the closed loop performance, i.e. transmissibility (left), compliance (middle) and deformation transmissibility
(right). TSC represents two-sensor control. In the mid-frequency range, the experiment results show a good fit with the model. At low frequencies and high frequencies,

sensor noise dominates the figure.

the scaled response of X, is used to analyze the deformation trans-
missibility.

The performance objectives are determined by calculating
(cross) power spectral densities (PSDs), denoted as Py (f). Here
fis the frequency in Hertz and u,y are the measured signals. The
estimated transmissibility T(s), compliance C(s) and deformation
transmissibility T,(s) are calculated by

Py %, ()

=5 31)
Py,r,(H 1

— 17d 32

Prr,(f) 27f)* 32)

Fuh) = Pl (33

Py () K2

Notice that the compliance is estimated as @(f):PXle(f)/Pded(f)
in which Py,r,(f) = Py,r,(f)/2xf)%. This is equal to integrating
Py r,(f) twice with respect to time. This estimation is used because
it is hard to measure the absolute position x; directly.

In Fig. 12 the experimental results are compared to the
theoretical values. When evaluating the (deformation) transmis-
sibilities it is observed that the measurements become noisy at
frequencies above 100 Hz. This is because sensor noise dominates
over the actual acceleration level at these high frequencies. At
frequencies below 1 Hz the results become unreliable because the
piezoelectric sensors cannot provide reliable measurements below
1 Hz. In the mid-frequency range (1-100 Hz) the measurements fit
well with the modeling results. Around 20 Hz some additional
peaks due to resonance modes are visible. These modes originate
from motion of the table on which the experimental setup is
mounted. The force sensor is not able to measure and compensate
for this motion, which is transmitted onto the machine bodies by
means of the parasitic stiffness path formed by the linear guidance
(Tjepkema et al., 2011). This phenomenon is a limitation of the
experimental setup and is not expected to occur in practical
vibration isolators. In the deformation transmissibility, the internal
mode is poorly damped when acceleration feedback is used, while
with TSC the mode is damped significantly. As expected from the
model, the resonance peak of the internal mode drops down with
30 dB. The compliance plots in Fig. 12(b) show that for high
frequencies (> 5 Hz) the compliance is very well estimated by
the model. At low frequencies, the measured compliance deviates
from the modeled compliance and has a certain slope. This is
because the measured compliance is derived from the measured
acceleration %; instead of the displacement x;, see (32). At low
frequencies, the actual acceleration level is so small that sensor
noise dominates the measurement, so that the measured accel-
erations no longer represent the actual acceleration level. The

compliance is derived from the acceleration response filtered with
1/(2zf)?, resulting in the slope which is visible in Fig. 12(b) at low
frequencies.

5. Discussion

Although the experimental setup used in this paper is a rough
simplification of a real precision machine, the results have a
generic applicability. The expectation is that in future work the
TSC approach in this paper can be extended to multi-axis systems,
especially when decoupling control is possible. An example of
decoupling control is the modal control approach in van Dijk
(2009). When doing so, the multi-axis control problem reduces to
a set of SISO control problems which can be solved by the TSC
strategy presented in this paper. A similar method is described in
our previous work Tjepkema et al. (2011), where we describe a
method to implement sensor fusion on more realistic multi-axis
systems.

Vibration isolation systems for precision machines usually have
to perform well for floor vibrations as small as VC-E curve
excitation. However, we used a VC-B curve excitation level to
make the effect of two-sensor control more clearly by preventing
the limiting effects of sensor noise and actuator noise showing up
in the results.

We assumed ideal actuator behavior within the bandwidth of
the controller by using a voice coil motor in combination with the
high stiffness of the hard mount. Alternatively, piezo stack actua-
tors with an elastic element in series could have been used as
described in van der Poel (2010). However, in practice, the actuator
will not have an infinite stiffness, which can lead to loss of
collocation. Loss of collocation can be problematic because the
two-sensor control strategy guarantees stability as long as the
system is collocated, see Section 3.2. Linearity of the electronics
could also become a problem if the controller bandwidth becomes
really high. Using additional filtering could be a simple solution to
prevent instability due to parasitic actuator dynamics or non-
linearities in the electronics.

6. Conclusions

Two-sensor control is a promising strategy to damp internal
modes in active hard mount systems, while simultaneously
obtaining a low transmissibility of floor vibrations and a low
compliance. The frequency of the suspension mode is lowered
from 13 Hz to 1 Hz and 70% sky-hook damping is added to this
mode, while the high static stiffness of the passive hard mount is
not affected. Using two-sensor control, damping is added to the
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internal mode and the peak value of this resonance is decreased
with 30 dB in contrast with single-sensor control using accelera-
tion feedback. The two-sensor control strategy is successfully
validated on an experimental setup. Compared to sensor fusion,
two-sensor control offers more possibilities for loop shaping and it
has better stability properties.

Appendix A. Derivation of the sensitivity function for
two-sensor control

In this appendix, a relation is derived between the open loop
performance of the internal deformation AX(s) and the closed
loop performance in the case of two measurement outputs and
one control input. It follows that the closed loop performance
equals the open loop performance scaled with the sensitivity
function 1/(1+L(s)), which is the same relation as valid in SISO
systems.

Consider the closed loop plant in Fig. 4 with the symbols as
defined in Section 3.1. The Laplace operator s is omitted. When
neglecting the direct disturbance force Fy, the output AX can be
written as

AX = G3Xo+Gs3Fq (A1)
The actuator force equals

Fo= —(Hy X1+HRFs) (A2)
The sensor outputs can be expressed as

X1 =G11X0+Gi3Fq (A3)
Fs = G1Xo+GasFa (A.4)
Egs. (A.3) and (A.4) are substituted into (A.2):

Fo = —Hg, (G11Xo+G13Fa) — Hr,(G1X o+ Ga3Fa) (A.5)

Rewriting (A.5) gives the closed loop transfer function from floor
vibration to actuator force:

Hy, Gi1+Hp G2

Fo=— A.6
a ‘1+H)'(]G13+HF5623 0 ( )
This expression for F, is substituted into (A.1):
H; Gqi1+Hp Gy .
AX = [ G3; — Gz : A7
( OB Gy +Hi Gy ) (A7)

This means that the closed loop transfer function from floor
motion Xg to internal deformation AX equals

AX Hy, G11+HF, G2
| =G31—G3——-7——
Xo/c1 1+L

In (A.8) the loop gain L=Hlel3+HFSng. To simplify (A.8)

(A8)

a substitution for G33 is derived:

AX  AXX1Xo Gi3
—— == G31 A9
Fo  Xo FaX, 'Gn A9

Eq. (A.9) is substituted into (A.8):

G33 =

Gi3
AX Hg Gis +HFSGZ1GT]
- =G3[| 1- 151
Xo/c1L +

In a similar way as in (A.9) it can be shown that G,1G13/G11 = Gas,
which means that the nominator in (A.10) equals L. This leads to
the final result:

(ﬁ) Gy L
Xo o~ +L

Eq. (A.11) states that the closed loop internal deformation is equal
to the open loop internal deformation Gs; scaled with the
sensitivity 1/(1+1L).

(A.10)

(A11)
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