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Vibration Isolation by an Actively
Compliantly Mounted Sensor
Applied to a Coriolis Mass-Flow
Meter
In this paper, a vibration isolated design of a Coriolis mass-flow meter (CMFM) is pro-
posed by introducing a compliant connection between the casing and the tube displace-
ment sensors, with the objective to obtain a relative displacement measurement of the
fluid conveying tube, dependent on the tube actuation and mass-flow, but independent of
external vibrations. The transfer from external vibrations to the relative displacement
measurement is analyzed and the design is optimized to minimize this transfer. The influ-
ence of external vibrations on a compliant sensor element and the tube are made equal
by tuning the resonance frequency and damping of the compliant sensor element and
therefore the influence on the relative displacement measurement is minimized. The opti-
mal tuning of the parameters is done actively by acceleration feedback. Based on simula-
tion results, a prototype is built and validated. The validated design shows more than
24 dB reduction of the influence of external vibrations on the mass-flow measurement
value of a CMFM, without affecting the sensitivity for mass-flow.
[DOI: 10.1115/1.4032290]

Keywords: Coriolis mass-flow meter, external vibrations, internal mode, transfer func-
tion, compliant mechanism, feedback control

1 Introduction

Vibration isolation is extremely important in high precision
machines for surface treatments (e.g., lithography machines) or
measurements (e.g., scanning electron microscopes) that should
be accurate to nanometer level. Vibration isolation can be
achieved with passive isolators. Passive isolation consists of sev-
eral stages of mass-spring-damper systems between the floor and
the casing of a machine [1], the parameters are adjusted to achieve
high-frequency attenuation, which is appropriate for many appli-
cations. The better the vibration isolation system, the better the
decoupling of the internal measurement system from any environ-
mental disturbances. However, the performance of passive isola-
tion can be limited due to a minimal required suspension stiffness.
An alternative approach is to apply active vibration isolation con-
trol [2,3]. In this paper, an active vibration isolated measurement
system applied to a CMFM is presented.

A CMFM is an active device based on the Coriolis force princi-
ple for direct mass-flow measurements independent of fluid prop-
erties [4,5]. The CMFM contains a fluid conveying tube, which is
actuated to oscillate in resonance with a low amplitude. A fluid
flow in the vibrating tube induces Coriolis forces, proportional to
the mass-flow, which affect the mode-shape of the actuation

mode. Measuring the tube displacements allows measuring the mass-
flow. Besides an effect of the mass-flow on the mode-shape, external
vibrations can introduce motions that cannot be distinguished from
the Coriolis force induced motion [6,7], thus introducing a measure-
ment error. The influence of external vibrations on the measurement
value can be estimated quantitatively as shown in Ref. [8].

It is necessary to incorporate a balancing mechanism for flow
meters, which allows accurate measurements for various process
conditions and changing fluid densities [4]. There is only attenua-
tion needed in a relative small range around the actuation fre-
quency [8], vibration isolation solutions can be applied, without
interfering with the accurate measurement of the displacements of
the internal actuation mode-shape.

In this paper, a novel design of a CMFM is proposed, by intro-
ducing a compliant connection between the casing and the tube
displacement sensors with the objective to obtain a relative dis-
placement measurement of the tube, dependent on the tube actua-
tion and mass-flow, though independent of external vibrations.
The design is analyzed to optimize the transfer function from the
external vibrations to the relative displacement measurement. The
influence of external vibrations on the compliant sensor element
and the tube are made equal by actively tuning the resonance fre-
quency and damping of the compliant sensor element and thereby
the influence on the relative displacement measurement is mini-
mized. Based on simulation results, a prototype is built and vali-
dated. This paper is an extension of [9]: (i) the effects of changing
the internal dynamics due to a fluid-density change are addressed in

Contributed by the Dynamic Systems Division of ASME for publication in the
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript received
March 18, 2015; final manuscript received December 1, 2015; published online
January 12, 2016. Assoc. Editor: Douglas Bristow.

Journal of Dynamic Systems, Measurement, and Control MARCH 2016, Vol. 138 / 031005-1
Copyright VC 2016 by ASME

Downloaded From: http://dynamicsystems.asmedigitalcollection.asme.org/ on 07/27/2016 Terms of Use: http://www.asme.org/about-asme/terms-of-use



detail, (ii) the optimal suspension frequency of the compliant sensor
element is determined, and (iii) the attenuation is maximized by
active tuning of the compliant sensor element resonance frequency.

In Sec. 2, the performance criterion is given for the level of
vibration isolation. In Sec. 3, the novel design is introduced and
the transmissibility from external vibrations to an internal defor-
mation is derived, based on a model for a reference instrument
and for the new design in the passive and active configuration. In
Sec. 4, a mechanical design is presented, based on the concept
presented in Sec. 3. The design is validated experimentally in
Sec. 5. Results are discussed in Sec. 6 and conclusions are pre-
sented in Sec. 7.

2 Performance Criteria

Prior to the design and analysis of a vibration isolator, a per-
formance criterion is needed. In this section, a definition is given,
taking into account how external vibrations affect the mass-flow
measurement of a CMFM.

A functional model of a CMFM is presented in various patents
[10,11]. Of this instrument, a flexible multibody model [8] is made
to derive the influence of external vibrations on the measurement
value, using Refs. [12] and [13]. An illustration of the model is
given in Fig. 1. The model consists of a rigid casing and a flexible
tube-window, conveying the fluid flow, which is actuated by two
Lorentz actuators act1 and act2. The displacement of the tube-
window is measured by two optical displacements sensors s1 and s2

[11]. On the casing, an input vector a0, consisting of three transla-
tion and three rotational casing movements, is imposed.

A Lorentz actuator is used to oscillate the tube-window around
the htwist -axis in its resonance frequency xact. In the model, the
measured actuation displacement is the difference between the
two sensor signals, located at equal distance r of the rotation axis

yact ¼ r � htwist ¼
1

2
s1 � s2ð Þ (1)

Due to a rotating reference frame, the tube, and a moving mass,
the fluid, there is a Coriolis force. This force is acting on the tube-

window and is proportional to the angular velocity and the mass-
flow _Um through the tube

Fcor ¼ �2Leff � _htwist � _Um (2)

where Leff is the effective length of the tube. The force Fcor results
in a rotation of the tube-window around the hswing-axis (see Fig.
1). A rotation around this axis results in a displacement at the
location of the sensors. This measured displacement is defined as
a Coriolis displacement

ycor ¼
1

2
s1 þ s2ð Þ (3)

The Coriolis displacement, due to a fluid flow, is a harmonic with
the same frequency xact as the actuation displacement, though
90 deg out of phase. This is due to the velocity dependency of the
force, expressed by Eq. (2). A phase difference between the two
harmonic sensor signals s1 and s2, which are shifted 180 deg nomi-
nally, can be approximated by

D/ � 2

���� s1 þ s2

s1 � s2

���� ¼ 2

���� ycor

yact

���� (4)

The actuation displacement yact is controlled with an internal actu-
ator to be constant and the Coriolis displacement ycor is due to a
mass-flow through the instrument, resulting in a phase difference
D/ which is proportional to the mass-flow _Um.

Thus, the mass-flow measurement value is obtained from the
phase difference between two harmonics, which are the tube dis-
placements measured by two sensors. The frequency of the har-
monic is known to be the actuation frequency of the tube window.
Only the phase difference of this particular harmonic is needed for
obtaining the mass-flow measurement. The phase difference is
acquired by phase demodulation, which can be seen as a band
pass filter on the Coriolis displacement signal around the actuation
frequency [8], of which the width is dependent on the required
response time of the measurement value due to a flow rate change.

A Coriolis displacement ycor, which is not related to a mass-
flow through the instrument, but for instance as a result of external
vibrations, can result in a measurement error. The influence of
external vibrations can be estimated, using the root-mean-square
(RMS) measurement error rD/. Calculated by the cumulative
mean square response over the whole frequency range � [8]:

r2
D/ ¼

ð1
�1

���� 2

jyactj
Tycor;a0

�ð ÞF �ð Þ
����2Ua0

�ð Þ d� (5)

where Ua0
is the power spectral density of the disturbance, Tycor ;a0

the transmissibility and Fð�Þ a 10 Hz bandpass filter around the
actuation frequency. Reducing the disturbance Ua0

by implying
stringent requirements on the surroundings is not possible in many
applications. A smaller bandpass filter increases the meter’s
response time, which is not desirable. The effect of external vibra-
tions is undesirable, therefore its transmissibility should be
minimized.

In this paper, the performance criterion is defined as: minimiza-
tion of the transmissibility Tycor ;a0

ðsÞ of external vibrations a0ðsÞ to
an internal deformation ycorðsÞ around the actuation frequency
xact without affecting the transmissibility Tycor;Fcor

ðsÞ of a Coriolis
force FcorðsÞ to the internal deformation ycorðsÞ. The attenuation is
defined as the ratio by which Tycor;a0

ðsÞ is reduced.

3 Conceptual Design

In this section, a solution is proposed to minimize the transmis-
sibility Tycor ;a0

ðsÞ, which is the performance criterion, explained in
Sec. 2. First, the transmissibility is derived for the reference sys-
tem and for the new design. In Sec. 3.2, the main design

Fig. 1 Multibody model of the CMFM (Adopted from Ref. [8]).
The tube-window is actuated, by means of act1 and act2, to
oscillate around the htwist-axis. On the casing, external vibra-
tions a0 are applied. Sensors (s1 and s2) measure the relative
tube displacements, affected by the actuation, a mass-flow and
external vibrations.
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parameters for minimizing the transmissibility are presented. In
Sec. 3.3, the design is extended with an active part to actively
optimize the transmissibility.

3.1 Simplified Model. Earlier modeling results indicate one
dominant direction for the mass-flow measurement, a translation
in the direction out of the tube-window plane [8]. Therefore, the
effect of external vibrations and the mass-flow are modeled in a
simple and elegant manner by a simple mass-spring model, as
depicted in Fig. 2. The tube parameters are modeled with the

modal mass m2 ¼ 1:133� 10�4 kg, damping d2 ¼ 6:836� 10�5

Ns/m, and stiffness k2 ¼ 41:25 N/m and there are two inputs, an
external vibration ay ¼ €y0 and a Coriolis force Fcor and one output
ycor, which is a relative displacement measurement between the
mass m2 and the casing. The modeled mode has a resonance

frequency xcor ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2

p
¼ 96:0 � 2p rad/s. The Coriolis force,

due to a mass-flow, is a harmonic with the frequency xact

¼ 170:0 � 2p rad/s. The modal model reduction of the system is
presented in Ref. [8].

According to this model (Fig. 2) of the reference system, the
relative displacement in the Laplace s-domain is equal to

ycor sð Þ ¼ y2 sð Þ � y0 sð Þ
¼ Tycor;Fcor

sð ÞFcor sð Þ þ Tycor ;ay
sð Þay sð Þ

¼ 1

m2s2 þ d2sþ k2

Fcor sð Þ þ �1

s2 þ d2

m2

sþ k2

m2

ay sð Þ (6)

This expression shows that the displacement is indeed dependent
on the Coriolis Force and the external vibration ay. The influence
is dependent on the magnitude of the disturbance, the frequency,
and the physical parameters of the system. Those physical param-
eters cannot be changed without changing the sensitivity for a
mass-flow.

To increase vibration isolation, without changing the mass-flow
sensitivity, it is proposed to use a compliantly mounted sensor
(CMS). The model is shown in Fig. 3. The relative displacement
measurement is no longer between the casing and the internal
mass m2, but between an extra mass m1 and again m2. There is a
certain stiffness k1 and damping d1 between the new mass and the
casing. In this model, the new relative displacement is equal to

y0cor sð Þ ¼ y2 sð Þ � y1 sð Þ ¼ ycor sð Þ � q1 sð Þ
¼ Tycor;Fcor

sð ÞFcor sð Þ þ Tycor;ay
sð Þay sð Þ � Tq1 ;ay

sð Þay sð Þ

¼ 1

m2s2 þ d2sþ k2

Fcor sð Þ

þ

d2

m2

� d1

m1

� �
sþ k2

m2

� k1

m1

� �
s2 þ d1

m1

sþ k1

m1

� �
s2 þ d2

m2

sþ k2

m2

� � ay sð Þ (7)

where q1ðsÞ ¼ y1ðsÞ � y0ðsÞ. The sensitivity for flow is equal, but
the transmissibility of external vibrations to the Coriolis displace-
ment is dependent on the newly introduced parameters. By choos-
ing the mass, damping, and stiffness of the CMS, the influence of
the external vibrations ay can be minimized. An optimal result,
according to Eq. (7), can be achieved when the following condi-
tions are met:

d1 ¼
m1

m2

d2; k1 ¼
m1

m2

k2 (8)

This is achieved when the resonance frequency ðx ¼
ffiffiffiffiffiffiffiffiffi
k=m

p
Þ and

damping ratio ðf ¼ d=2
ffiffiffiffiffiffi
km
p

Þ are equal for the internal mode of
the tube-window and the CMS.

3.2 Design Parameters. In this section, the choice of the
design parameters (m1, d1, and k1) of the CMS is elaborated. The
result, whereby x and f are equal for the tube and the internal
mode, is depicted as dashed line in Fig. 4, whereby the transfer
function Tycor;ay

of the model depicted in Fig. 1 is used. The use of
those parameters does not result in a zero transmissibility, because

Fig. 2 One-dimensional (1D) CMFM model, representing the
Coriolis mode. The Coriolis displacement ycor is affected by the
Coriolis force Fcor and an external displacement y0.

Fig. 3 One-dimensional CMFM CMS model. Compared to the
CMFM model (Fig. 2), the measured Coriolis displacement is
relative to the flexibly suspended mass m1.

Fig. 4 Transmissibility from external vibrations ay to the Corio-
lis displacement ycor of the reference system and the CMS sys-
tem (Eq. (9)). The CMS transmissibility is depicted for the
stiffness and damping parameters according to Eq. (8) and for
xCMS 5 116 � 2p rad/s and fCMS 5 0:01. The region of interest is a
25 Hz band around the actuation frequency xact.
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the simplified mass-spring-damper model (Fig. 2) does not repre-
sent the higher-order dynamics of the tube-window. In the region
of interest, this transmissibility can be approximated by adding
the next mode in the sensitive direction

Ty0cor ;ay
sð Þ ¼ Tycor ;ay

sð Þ � Tq1;ay
sð Þ

� g1

s2 þ 1

Q
xcor;1sþ x2

cor;1

þ g2

s2 þ 1

Q
xcor;2sþ x2

cor;2

� �1

s2 þ d1

m1

sþ k1

m1

(9)

which is a function of the modal parameters of the CMFM-tube
and of the CMS properties. In Table 1, the modal parameters of
the CMFM tube model are given.

Evaluating Eq. (9) shows that the parameters, given in Eq. (8),
do not minimize the transmissibility Ty0cor ;ay

ðsÞ in the region of

interest. Based on Eq. (9), two design parameters are defined: the

resonance frequency xCMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1

p
and the damping ratio

fCMS ¼ d1=2
ffiffiffiffiffiffiffiffiffiffi
k1m1

p
of the CMS. In Fig. 5, the attenuation of the

transmissibility Ty0cor;ay
ðsÞ at the actuation frequency, as function

of the variation of those parameters is depicted. The attenuation is
defined as

Attenuation dBð Þ ¼ 20 � log10

����Ty0cor;ay
ixactð Þ

Tycor;ay
ixactð Þ

����
 !

(10)

From Fig. 5, it can be concluded that the CMS resonance fre-
quency xCMS should be about 15 Hz higher than the Coriolis fre-
quency xcor;1 and that the damping should be minimal. In Fig. 4,
also the transmissibility Ty0cor;ay

ðsÞ is depicted for xCMS ¼ 116 � 2p
rad/s and fCMS ¼ 0:01. It clearly shows the newly introduced reso-
nance frequency, and also an antiresonance in the region of inter-
est. The appearance of this antiresonance is used to reduce the
influence of external vibrations in the region of interest.

For example, in case the fluid medium is air, tuning the reso-
nance frequency of the CMS to 110 Hz and minimize the damp-
ing, results in an attenuation of more than 30 dB around the
actuation frequency.

3.3 Actively CMS. The maximum attenuation is not only
dependent on the suspension frequency xCMS but also a function
of the damping fCMS and the modal parameters of the transmissi-
bility Ty‘

cor;ay
ðsÞ (Eq. (9)). As shown in Table 1, the latter are de-

pendent on the fluid density of the medium in the CMFM-tube.
Therefore, an active version of the CMS is suggested. In Fig. 6,
the passive model (Fig. 3) is extended with an extra sensor a1 to
measure the accelerations of the mass m1, and an actuator Fa to
apply a force on the mass m1.

A transfer function between the input F to the output a1 is
derived as

P sð Þ ¼
a1 sð Þ
Fa sð Þ

¼ 1

m1

� s2

s2 þ d1

m1
sþ k1

m1

(11)

Proportional acceleration feedback is proposed to add extra mass
and thus decrease the initial suspension frequency, which is set at
xCMS ¼ 116 � 2p rad/s.

Ca1
sð Þ ¼

Fa sð Þ
a1 sð Þ

¼ �ka (12)

For this controller, the transmissibility from external vibrations to
the displacement of the mass is equal to

Tq1 ;ay
sð Þ ¼

q1 sð Þ
ay sð Þ

¼ �1

m1 þ kað Þs2 þ d1sþ k1

(13)

resulting in a new suspension frequency xCMS;active

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1 þ ka

p
, where the gain ka of the feedback can be

adjusted to achieve the desired suspension frequency

ka ¼ m1

x2
CMS;passive

x2
CMS;active

� 1

 !
(14)

A second advantage of an active CMS is the possibility to add rel-
ative damping to the measured, relative displacement y0cor to keep
the displacement in the sensor measurement range. This limits the

Table 1 Modal parameters of CMFM model for two different
fluid densities q

q
(kg/m3) g1 g2

xcor;1

(rad/s)
xcor;2

(rad/s)
xact

(rad/s) Q

1 (air) �1.133 0.2107 96.03�2p 378.3�2p 170.0�2p 1000
998 (water) �1.137 0.2153 91.35�2p 356.1�2p 160.2�2p 1000

Fig. 5 Influence of the suspension frequency xCMS on the
attenuation of at the actuation frequency xact for two different
fluids (air and water) and the damping ratio fCMS of the CMS

Fig. 6 One-dimensional CMFM active CMS model. Compared
to the CMFM CMS model (Fig. 3), actuation and sensing means
are added to flexibly suspended mass m1.
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effect of shock disturbances on the amplitude of the undamped
modes. The added damping prevents the relative displacement to
go beyond the measurement range. To damp the internal mode,
positive position feedback is added in combination with a notch
filter at the actuation frequency [3]. This notch filter is added to
prevent a change in the transfer function between FcorðsÞ and
y0corðsÞ and thus in a change in sensitivity for a mass-flow. There-
fore, the controller is equal to

Cycor
sð Þ ¼

Fa sð Þ
ycor sð Þ

¼ kp �
x2

cor

s2 þ 0:01xcorsþ x2
cor|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

LowPass

� s
2 þ 0:0001xactsþ x2

act

s2 þ 0:1xactsþ x2
act|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

Notch

(15)

In Fig. 7, the new transmissibility is depicted for the active CMS.
Showing that an attenuation of more than 20 dB is possible. In the
magnified part of the figure is shown that the magnitude of the res-
onance peak is lowered due to the controller presented in Eq. (15).

4 Mechanical Design

In Sec. 3, a concept is proposed to reduce the influence of exter-
nal vibrations on the measured sensor displacements. In this sec-
tion the conceptual design is extended to a mechanical design.

First, the model of the reference system (Fig. 1) and the 1D
active CMS (Fig. 6) is combined. The combined model is depicted
in Fig. 8. The sensors measuring the tube displacement (s1 and s2)
are no longer measuring it relative to the casing, due to the intro-
duction of an active flexible element. This element represents a
one degree-of-freedom (DOF) compliant mechanism including an
actuator in the compliant direction.

The eventual realization of the CMS is presented in Fig. 9. The
design comprehends five leaf-flexure’s, realizing the stiffness k1.
The five flexures are configured to have an exact constraint design
with one remaining DOF [14]. The optic displacement sensors,
including the sensor mounting structure, together constitute mass
m1. A voice coil actuator is added to apply a force between the
casing mounting structure and mass m1. A threaded rod connects
the displacement sensors structure, the five leaf-flexures and the
coil of the actuator together. On this rod, an accelerometer is

mounted to measure the accelerations of the compliant structure.
A photo of the final result is depicted in Fig. 10.

5 Experimental Validation

In this section, the design presented in Sec. 4 is experimentally
validated. In Sec. 5.1, the setup is explained. In Sec. 5.2, the mod-
eled and experimentally obtained transmissibility functions are
compared. Finally, in Sec. 5.3, the sensitivity of the mass-flow
measurement to external vibrations RMS value is given for the
new design.

5.1 Setup. The experimental setup is depicted in Fig. 11. The
device under test (DUT) is a functional model of a CMFM includ-
ing the CSM (Fig. 10). The CSM design is presented in Sec. 4 and
more details of the patented design of a CMFM are presented in
Ref. [10]. The DUT is placed on a 6DOF shaker to be able to
apply external vibrations. A broadband white disturbance, a multi-
sine between 5 and 500 Hz, is applied on the 6DOF platform,
using the six actuators. More details of the shaker-setup are given
in Ref. [15]. The active strategy, using a Br€ul&Kjær 4393 acceler-
ometer, is implemented using MATLAB XPC Target in combination
with a NI-6259 data acquisition card. The real-time system runs at
a sample rate of 10 kHz.

5.2 Transmissibility. First, the transfer function from an
actuator input U in volts to the acceleration sensor a1 is validated,
where Fa ¼ ðkm=RÞU with a motor constant km and resistance R
of the voice coil actuator. From an experiment the equivalent
mass is estimated: meq ¼ m1R=km ¼ 4:8ðVs2=mÞ. Besides the
physical mass, this includes the characteristics of the actuator, the
used amplifier and the accelerometer signal conditioner. The
measured transfer function is compared with the model (Eq. (11))
in Fig. 12. From this experiment, the relevant CMS parameters
can be estimated. The resonance frequency is xCMS;passive

� 116 � 2p rad/s and the damping fCMS � 0:01. Around 375 Hz an
internal mode of the CMS is visible.

Second, the transmissibility Ty0cor;ay
ðsÞ is validated. The result is

depicted in Fig. 13 when the fluid medium is air. The resonance
frequencies of the tube are slightly lower than presented in
Table 1. Further, the effect of lowering the resonance frequency

Fig. 7 Transmissibility from external vibrations ay to the Corio-
lis displacement ycor of the reference system (Eq. (6)) and the
CMS system (Eq. (9)). The region of interest is a 25 Hz band
around the actuation frequency xact. The CMS transmissibility
is depicted for the passive system and for the active system,
whereby the controllers of Eqs. (12) and (15) are used.

Fig. 8 Multibody model of the CMFM CMS. Compared to the
CMFM model (Fig. 1) the tube displacements (s1 and s2) are not
measured relative to the casing any more.
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xCMS is shown, using the active strategy presented in Sec. 3.3.
Whereby, the CMS suspension frequency xCMS;passive ¼ 116 � 2p
rad/s actively is reduced to xCMS;active ¼ 110 � 2p rad/s. It is
clearly visible that the antiresonance is shifting as function of
xCMS. Resulting in more than 20 dB attenuation in the region of
interest.

Further, the resonance frequencies of the CMFM are deter-
mined for two different fluid densities and presented in Table 2.
The values are slightly different than the model values, which are
given in Table 1. This means that the CMS design parameters for
a minimal influence of external vibrations cannot be achieved
from Fig. 5.

5.3 Disturbance Sensitivity. In Sec. 5.2, the transmissibility
function is validated. In earlier research, it was shown that mini-
mizing this function in the region of interest results in a lower dis-
turbance sensitivity [8]. In that paper, the influence of broadband
external vibrations on the RMS measurement error of a CMFM is
explained and validated. The influence is dominated by the gain

of the transmissibility at the actuation frequency, the sensitivity
for the mass-flow and the width of the bandpass filter in the mass-
flow measurement algorithm. In this section, the influence of
external vibrations on the mass-flow measurement value, in com-
bination with a 10 Hz bandpass filter, is shown for the newly pre-
sented design.

Fig. 9 Mechanical design of the 1DOF active CMS. The 1DOF is realized between the casing
and the tube-displacement sensor and is sensed by an accelerometer in actuated by a VCM.

Fig. 10 Photo of CMFM including the active CMS module

Fig. 11 Six-DOF shaker platform, including DUT, to apply an
external vibration on the casing of a CMFM

Fig. 12 Transfer function from U to a1. The experimental result
is compared to the model (Eq. (11)) whereby for the model
Fa 5 ðm1=meqÞU and ðk1=m1Þ5 x2

CMS;passive are used.
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Therefore, a broadband multisine disturbance between 5 and
500 Hz is applied on the casing of the CMFM. In Table 3, the nor-
malized RMS measurement error is shown for different disturb-
ance levels and the different configurations. The data are also
graphically shown in Fig. 14. The RMS errors are compared to the
reference instrument (without CMS) resulting in an attenuation in
dB. The influence is determined for both cases when the tube is
filled with air and water. For the active configurations, the reso-
nance frequency of the CMS is actively lowered, using the strat-
egy as presented in Sec. 3.3. For the active CMS, the suspension
frequency xCMS is lowered to, respectively, 113 � 2p rad/s and
109 � 2p rad/s for the case the fluid medium is air or water. Those
values are different than the values depicted in Fig. 5, because the
modal parameters of the CMFM are different for the CMFM com-
pared to the model (see Tables 1 and 2).

From the results, it is concluded that the parameters of the pas-
sive CMS are not optimal for the both cases when the tube is filled
with air or with water. Actively tuning the resonance frequency
improves the result. For low external disturbance levels, the

attenuation is small, because of the noise floor of the tube dis-
placement sensors. This is also visible in Fig. 14; for low disturb-
ance levels, the error line trend is horizontal due to the noise level
of the tube displacement sensors.

The optimal CMS suspension parameters are obtained when the
transmissibility Tycor ;a0

ðsÞ is minimal around the actuation fre-
quency. In the Appendix, the approximation of the optimal CMS
suspension frequency xCMS is determined as a function of the
modal parameters g1, g2, xcor;1; xcor;2, and xact. Experiments
show that an attenuation of more than 24 dB can be achieved by
the use of an active CMS.

6 Discussion

In Sec. 5.3, the achievable attenuation of the vibration sensitiv-
ity of a CMFM by a CMS is presented. The attenuation of a pas-
sive CMS is dependent on both the design of the fluid-conveying
tube and the CMS module. The dynamic properties of the tube al-
ter for different fluid densities. Therefore, the performance is de-
pendent on the density of the fluid.

The sensitivity for the properties of the tube can be reduced by
using an active CMS to lower the suspension frequency. For
robustly stable control the suspension frequency can only be low-
ered. A disadvantage is that the feedback introduces extra damping,
due to back electromotive force, resulting in less attenuation, but
this can be resolved using the actuator in current-mode. In future,
the optimal parameters can be found when using adaptive feedback
control. Alternatively to the active feedback method, a compromise
can be found when the design parameters of the CMS for high and
low fluid densities are averaged. For example, the CMS can be
designed with a suspension frequency xCMS ¼ 107 � 2p rad/s to
achieve a combined maximum attenuation (see Fig. 5).

The presented CMS module is a proof of principle and is rather
large, but the concept can be miniaturized, for example, like the

Fig. 13 Validation of the transmissibility from external vibra-
tions ay to the Coriolis displacement ycor of the CMS system
(Eq. (9)) for the passive and active CMS compared to the model.
The CMS suspension frequency xCMS;passive 5 116 � 2p rad/s is
actively reduced to xCMS;active 5 110 � 2p rad/s. Model parameters
are based on the estimated parameters when the CMFM tube is
filled with air.

Table 2 Estimated CMFM resonance frequencies for different
fluid densities q

q (kg/m3) xcor;1 (rad/s) xcor;2 (rad/s) xact (rad/s)

1 (air) 92.19�2p 359.8�2p 168.2�2p
998 (water) 87.70�2p 337.8�2p 158.1�2p

Table 3 RMS measurement error (in normalized units), including attenuation in dB compared to the reference, for the different
applied disturbance levels

Disturbance Reference Passive (air) Active (air) Passive (water) Active (water)
((m/s2)2/Hz) (u) (u) (dB) (u) (dB) (u) (dB) (u) (dB)

0 1.000 0.628 �4.05 0.693 �3.19 0.733 �2.70 0.974 �0.23
1� 10�7 1.457 0.666 �6.80 0.686 �6.54 0.784 �5.39 0.997 �3.30

1� 10�6 4.577 0.700 �16.3 0.765 �15.5 1.436 �10.1 1.031 �12.9

1� 10�5 13.87 1.296 �20.6 0.998 �22.9 3.692 �11.5 1.046 �22.5

1� 10�4 45.33 4.754 �19.6 2.764 �24.3 12.56 �11.2 4.137 �20.8

4� 10�4 93.36 13.80 �16.6 9.325 �20.0 26.44 �11.0 8.411 �20.9

The values are depicted in Fig. 14.

Fig. 14 RMS measurement error for the different applied dis-
turbance levels. Numerical values are given in Table 3.
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optic reading head in DVD-players. Further, instead of an acceler-
ation sensor also displacement or velocity sensors can be used to
alter the dynamic behavior of the CMS. Another advantage of the
CMS is that the influence of the gravitational sagging is minimal.
Therefore, the displacement sensors are always in the same part of
the characteristic sensor response curve, independent of the orien-
tation of the instrument.

The presented CMS module can also be used in combination
with other vibration reduction techniques, e.g., passive suspension
between the casing and the surroundings [8] or extended with active
vibration isolation control [16], to increase the reduction even more.

7 Conclusions

Vibration isolation for a CMFM is achieved using an actively
CMS. More than 24 dB attenuation is realized compared to the ref-
erence system. The CMFM measurement value depends on a dis-
placement measurement of the fluid-conveying tube movements.
The measurement signal is also influenced by external vibrations.
To achieve the 24 dB attenuation, a new design is introduced: A
compliance between the casing and the displacement sensor is
added to enable a true displacement measurement of the tube.

Optimal attenuation is achieved by tuning the resonance fre-
quency and the relative damping of the CMS. The optimal values
depend on the dynamic properties of the tube, which change by
the density of the fluid inside the tube. The parameters of the
CMS are tuned actively, with acceleration feedback, to have a
maximum attenuation, independently of the fluid density. An
attenuation of more than 24 dB is demonstrated for a CMFM with
an active CMS, in case the tube filled with both water and air.
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Appendix: Optimal CMS Frequency

The achievable attenuation of the influence of external vibra-
tions is dependent on the location of the zero of Eq. (9), as
depicted in Fig. 4. This zero location is dependent on several
modal parameters (g1, g2, xcor;1; xcor;2; xact, Q, xCMS, and fCMS).
From Eq. (9), the location of the zero can be estimated by solving

g1 s2 þ 1

Q
xcor;2sþ x2

cor;2

� �
s2 þ 2fCMSxCMSsþ x2

CMS

� �
þ g2 s2 þ 1

Q
xcor;1sþ x2

cor;1

� �
s2 þ 2fCMSxCMSsþ x2

CMS

� �
þ s2 þ 1

Q
xcor;1sþ x2

cor;1

� �
s2 þ 1

Q
xcor;2sþ x2

cor;2

� �
¼ 0

(A1)

To minimize the attenuation at the actuation frequency, the
zero should be placed at this frequency, so s ¼ ixact. Now
Eq. (A1) can be solved for xCMS

xCMS �ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ððg1 þ g2Þx2

act � g1x2
cor;2 � g2x2

cor;1Þ �…
q
ðx2

actx
2
cor;1 þ x2

actx
2
cor;2 � x2

cor;1x
2
cor;2 �…

ðg1 þ g2 þ 1Þx4
act þ g1x2

actx
2
cor;2 þ g2x2

actx
2
cor;1Þ

=ððg1 þ g2Þx2
act � g1x

2
cor;2 � g2x

2
cor;1Þ

(A2)

In this approximation, the damping parameters are omitted
(Q ¼ 1 and fCMS ¼ 0), because those do not change the location
of the minimum (see Fig. 5), they only affect the achievable
attenuation. With this equation, the optimal CMS frequency can
be calculated, when the needed modal parameters are estimated.
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