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a b s t r a c t

Active Vibration Isolation Control (AVIC) can be used to reduce the transmissibility of external vibrations
to internal vibrations. In this paper a proposal is made for integrating AVIC in a Coriolis Mass-Flow Meter
(CMFM). Acceleration feedback, virtual mass and virtual skyhook damping are added to a passively
suspended CMFM, resulting in a lowered suspension frequency. In addition, position feedback of the
internal deformation is used to damp the internal mode. The controller design is based on a simplified
model and is validated on an experimental setup. Results show that the sensitivity to external vibrations
is reduced by 40 dB for the RMS measurement error.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

A Coriolis Mass-Flow Meter (CMFM) is an active device based
on the Coriolis force principle for direct mass-flow measurements,
with high accuracy, range-ability and repeatability (Anklin, Drahm,
& Rieder, 2006). The working principle of a CMFM is as follows: a
fluid conveying tube is actuated to oscillate at a low amplitude,
whereby a resonance frequency is used to minimise the amount of
required energy. A fluid-flow in the vibrating tube induces Coriolis
forces, which are proportional to the mass-flow and affect the tube
motion resulting in a change of the mode shape. Measuring the
tube displacement in such a way that the change of its mode shape
is determined allows calculating the mass-flow.

External vibrations create additional components in the CMFM
sensor signals and such additional components can introduce a
measurement error (Clark & Cheesewright, 2003). For low flows, the
Coriolis force induced motion is relatively small compared to motions
induced by external vibrations, thus CMFMs designed to be sensitive
to low flows are rather sensitive to external vibrations. The effect of
external vibrations on the sensor response of a CMFM has been
studied previously (Van De Ridder, Hakvoort, Van Dijk, Lötters, & de
Boer, 2014). This study showed that external vibrations around the
meter's drive and Coriolis frequencies produce a measurement error,
regardless of the phase detection algorithm used. A quantitative
estimation of the expected mass-flow error in response to external

vibrations can be obtained from the transmissibility function (Van De
Ridder et al., 2014).

To reduce the sensitivity of the flow measurement with respect
to external vibrations, passive or active vibration isolation can be
used. Passive isolation consists of several stages of mass–spring–
damper systems between the floor and the casing of a machine
(Rivin, 2003). The parameters are adjusted to achieve high-
frequency attenuation, which is suitable for many applications.
However, the performance of passive isolation applied to a CMFM
is limited due to a minimal suspension frequency, which is caused
by the parasitic stiffness of the fluid-connecting-tubes and the
maximum allowable gravitational sagging of the stage. Those large
deformations in the fluid-connecting-tubes result in high internal
stresses. An alternative approach is to apply active vibration
isolation control to a flexible-suspended single-tube configuration.
This is an application of active hard mount isolation for precision
equipment (Tjepkema, 2012).

In this paper, active vibration isolation which is applied to a CMFM
is investigated, to optimise the shape of the transmissibility function of
a CMFM from external vibrations to the measurement value. The
objectives of the present work are summarised as follows:

1. Shaping the transmissibility from external vibrations to the
internal displacement by actively reducing the suspension
mode to lower the transmissibility at the actuation frequency
of the CMFM.

2. Adding damping to the internal deformation mode, the Coriolis
mode, to limit the effect of shock disturbances.

3. Avoiding that the flow measurement sensitivity changes.
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A control algorithm that satisfies the stated objectives is
presented and tested. The algorithm is a combination of known
feedback strategies for vibration isolation (Karnopp & Trikha,
1969; Preumont, 2011; Van Dijk, 2009). The novelty is the smart
combination of those algorithms – acceleration feedback, velocity
feedback, internal mode damping, cascade control and loop shap-
ing – tuned, modified and applied to the specific application of
Coriolis Mass-Flow Meters. Notably, the requirement that the flow
measurement should not be affected requires some dedicated
modifications to the algorithms. The algorithm is not yet inte-
grated within a commercial CMFM, but implemented at a test
setup, consisting of an external isolator platform and a CMFM.
Therefore, we present a proof-of-principle of the feasibility of
integrating active vibration control into the design of CMFMs.

In Section 2, the reference instrument and the experimental
test-setup are discussed briefly, including the model describing
the influence of external vibrations. In Section 3, a simplified
dynamic model of the essential dynamics is presented and a
control algorithm is designed to meet the objectives stated above,
the main contribution of this paper. Experimental results of the
proposed control design that validate the model are presented
in Section 4. The results are discussed in Section 5 and Section 6
finalises this paper by drawing conclusions.

2. Material

In this section, the materials used and the analysis methods are
described. In the first subsection, a model of a CMFM is presented
and is further explained; how the external vibrations affect
the measurement value. A vibration isolator setup is presented
in Section 2.2, which will be used to provide external vibrations
and active vibration isolation to the casing of a CMFM. In the final
subsection a simplified model is given, consisting of the CMFM and
the vibration isolator setup, to meet the performance objectives.

2.1. Reference instrument

For this research a functional model of the patented design
(Mehendale, 2008; Mehendale, Lötters, & Zwikker, 2006a) (see
Fig. 1) is used. First, a Finite Element Method (FEM) model is
derived, using the multi-body package SPACAR (Jonker, 1989). The
graphical representation of the model is shown in Fig. 2. The
model consists of a tube, conveying the fluid flow, which is
actuated by two actuators act1 and act2. The moving part of the
tube has a rectangular shape and is referred to as the tube-
window. The displacements of the flexible tube-window are
measured by two displacements sensors s1 and s2. On the casing
a vector a0AR6x1, representing the external vibrations and con-
sisting of three translations and three rotational movements, is
imposed. The model is made out of multi-body beam, truss and
tube elements (Meijaard, 2013). The beam elements are used to
model the rigid casing and the truss elements are used to measure
relative displacements and to apply a force on the tube-window.
Further, a tube-element is used to model the inertial interaction
between the flow and the tube dynamics.

The mass, damping and stiffness matrices are the result of the
multi-body model, which are used to compute the mode-shapes
and resonance frequencies of the tube-window. The first mode is a
rotation of the tube-window around the θswing-axis, with a natural
frequency of 39 Hz. This first mode is termed a Coriolis mode,
because this mode is mainly excited when there is a mass-flow,
due to the Coriolis effect. The second mode, with a natural
frequency of 60 Hz, is termed an in-plane mode, because it has
no displacement in the direction of the sensors. The third mode is
the actuation mode, because the tube-window is actuated to

oscillate in resonance around the θtwist-axis at 87 Hz. When the
third mode is actuated and there is a mass-flow, the Coriolis mode
is also actuated at the actuation frequency, due to the anti-
symmetric elements of the damping matrix. This coupling occurs
due to the Coriolis effect and is proportional to the mass-flow _Φ
and angular velocity _θ twist of the tube. An expression for the
Coriolis force Fcor is given by:

Fcor ¼ 2Lð _θ twist � _ΦÞ ð1Þ
where L is the effective length of the Coriolis tube.

The CMFM is equipped with two displacements sensors s1 and
s2 to measure internal deformations. The differential-mode yact ¼
1=2ðs1�s2Þ is termed the actuation displacement, because it
indicates a rotation around the θtwist-axis which is controlled

Fig. 1. Coriolis Mass Flow Meter (Mehendale et al., 2006a). The instrument is
connected to a pipeline; a fluid flow enters the instrument (6), flows trough the
tube-window (2) and exits the instrument (7). The flexible tube-window (2) is
actuated in resonance by an Lorentz actuator (8) and the displacements are
measured by optical displacements sensors (11a–c) (Mehendale, Lötters, &
Zwikker, 2006b).

Casing

Tube-window

act1

act2

s1
s2

a0

θswing
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xy
z

Fig. 2. CMFM multi-body model (Van De Ridder et al., 2014); the flexible tube-
window is actuated by two Lorentz actuators act1 and act2. The displacement is
measured by two displacements sensors, s1 and s2. On the casing, a vector a0 with
floor movements is imposed.
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actively by the Lorentz actuator (act1 and act2). The common-
mode ycor ¼ 1=2ðs1þs2Þ is termed the Coriolis displacement, which
indicates a rotation around the θswing-axis. When there is no mass-
flow, the tube window is rotating around the θtwist-axis, such that
the phase between the signals s1 and s2 is equal to 1801. When
there is a mass-flow, the phase of the sensor signals will change,
because the Coriolis effect is 901 out of phase with the actuation.
Where the phase-difference between the two sensor signals is
approximately proportional to the mass-flow (Sultan & Hemp,
1989). The phase-difference between the sensor displacements s1
and �s2 is approximated as:

Δϕ¼ ϕ1�ϕ2 � 2
js1þs2j
js1�s2j

¼ 2
jycorj
jyact j

ð2Þ

where the actuation amplitude jyact j is controlled in a feedback
loop, resulting in an oscillation with a constant amplitude. The
Coriolis displacement jycor j is the amplitude of the sine, 901 out of
phase with the actuation sine. But this displacement ycor is not a
pure sine, it is a function of the Coriolis force Fcor and the external
vibrations a0. In the Laplace s-domain, it is written as:

ycorðsÞ ¼ Tycor ;Fcor ðsÞFcorðsÞþTycor;a0
ðsÞa0ðsÞ ð3Þ

The force Fcor only occurs at the actuation frequency, see Eq. (1),
but the external vibrations might be broadband. The transmissi-
bility Tycor;a0

ðsÞ gives the influence of external disturbances on the
Coriolis displacement. The transfer function Tycor ;Fcor ðsÞ gives the
influence of the Coriolis force Fcor on the Coriolis displacement.
Both transfer functions are obtained from the SPACAR model. To
determine the amplitude of the Coriolis displacement at the
actuation frequency, the signal is filtered to remove all information
outside the actuation frequency band:

ycor;filtðsÞ ¼ ycorðsÞFðsÞ ð4Þ

where FðsÞ is a 10 Hz bandpass filter around the actuation
frequency ωact ¼ 87 � 2π rad=s. To obtain the amplitude at the
actuation frequency ωact, a frequency-shift is applied:

ycor;filt;shiftðsÞ ¼ ycor;filtðs� jωactÞ ð5Þ

Besides a mass-flow, also external vibrations have an influence on
this displacement, see Eq. (3). Those external vibrations are mostly
broadband and can be characterised by a power spectral density
Φa0 , which describes how the power of the signal a0 is distributed
over the various frequencies. The influence of each frequency adds
up in the cumulative RMS value, using the Parseval theorem:

σ2ycor;filt ¼
Z 1

0
Φycor;filt ðνÞ dν¼

Z 1

0
jTycor;a0

ðνÞFðνÞj2Φa0 ðνÞ dν ð6Þ

where the mass-flow effect, which adds up linearly, has been
omitted. To estimate the influence of external vibrations on the
Coriolis displacement, the filtered Coriolis displacement (Eq. (4)) is
used, because the frequency shift only changes the integration
interval. Using Eqs. (2) and (6), the influence of external vibrations
on the phase difference can be estimated:

σΔϕ ¼
2

jyact j
σycor;filt ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiZ 1

0

���� 2
jyact j

Tycor;a0
ðνÞFðνÞ

����
2

Φa0 ðνÞ dν
s

ð7Þ

Reducing the influence for a certain disturbance Φa0 can be
realised by reducing the transmissibility Tycor ;a0 ðsÞ, applying a
smaller band-pass filter FðsÞ or increasing the actuation amplitude
yact. A smaller band-pass filter has a direct impact on the response
time of the CMFM and is therefore undesirable. The actuation
amplitude is also limited in practice, e.g., by actuator saturation,
sensor range or material strength. The transmissibility Tycor ;a0 ðsÞ
can be reduced using passive or active vibration isolation. The
feasibility of both is explored in this paper, whereby attenuation is

needed in a band around the actuation frequency, where the band-
pass filter has high gain.

In Van De Ridder et al. (2014) it has been shown that the only
relevant disturbance is a translation of the casing in the direction
of the sensors, since this direction actuates the Coriolis mode
directly. Therefore, only this direction is considered in this paper.
Moreover, it has been shown that the essential dynamics of the
response to vibrations in this direction can be modelled by a
mass–spring model representing the Coriolis mode (Van De Ridder
et al., 2014). The parameters of this model are obtained from
modal reduction.

2.2. Vibration isolator setup

To evaluate the possibilities for active vibration isolation, the
reference instrument is mounted on a 6-DOF vibration isolation
setup (Fig. 3). The platform is suspended at a low frequency in all
directions (about 22 Hz), using a Stewart type platform, mounted
on a rigid floor plate. The platform is actuated by six voice coil
actuators. The floor plate is equipped with four piezoelectric
actuators to apply external vibrations. The vibrations of the floor
and platform can be measured using accelerometers, for each
direction. More details about the experimental setup can be found
in Tjepkema (2012).

Using a rigid-body model, the relation between the sensor
coordinates q and the accelerations in Cartesian coordinates
x¼ ðx; y; z; θx; θy; θzÞ, based on the Cartesian coordinate system, is
derived as:

xi ¼ Riqi; RiAR6x6; i¼ 0;1 ð8Þ

Vectors q0 and q1 describe the measured floor and the platform
motion, respectively, while x0 and x1 describe the same motions
transformed to cartesian coordinates. The accelerometers on the
platform are orientated in the direction of the voice coil actuators.
Therefore, the matrix R�1

1 is used to apply forces in the Cartesian
coordinate system.

For active vibration isolation, the setup is controlled by a
dSpace digital signal processor system using a sample frequency
of 6.4 kHz. Accelerometers on the platform are used to implement
acceleration feedback. The measurements of the internal deforma-
tions are used to damp the Coriolis mode and to determine the
mass-flow.

Power Spectral Densities (PSDs) of different discrete-time
signals are estimated via Welch's method. To apply the method,
the Matlab function pwelch is used. In total a dataset of 60 s of
measurement is used. To reduce the noise level, the method uses a
24 k-point symmetric Hanning window. The performance is eval-
uated by the transmissibility function, which is estimated using
the aforementioned PSDs.

CMFM

Platform

Floor

Actuator (VCM) Sensor (6x)

Actuator (Piezo) (4x)

Fig. 3. Shaker setup – the CMFM is mounted on a Stewart platform. Voice coil
actuators are used to apply forces on the low frequency (22 Hz) suspended
platform and accelerometers are used to measure the platform vibrations a1 and
external vibrations a0.
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2.3. Combined model for control

In this subsection, we describe the model of the total system,
i.e. when the CMFM is mounted on the vibration isolator, see Fig. 3.
This model, shown in Fig. 4, is used to design the feedback
controllers.

A multi-body model of a CMFM was derived in previous work
and summarised in Section 2.1. The CMFM is represented by the
masses m1 and m2, representing the casing and the moving tube
respectively. The equivalent stiffness k2 and equivalent mass m2

represent the Coriolis mode. The internal displacement ycor is
measured by displacement sensors. The mounting of the CMFM
onto the vibration isolator is represented by the additional casing
mass m1 and mounting stiffness k1. The total actuator force of the
voice coil actuators is represented by Fa.

In this model, the actuation mode is omitted, because this
mode is orthogonal to the Coriolis mode. However, the actuation
mode is coupled with the Coriolis mode by means of the Coriolis
force (Eq. (1)):

Fcorp _yact � _Φ ð9Þ

This force induces a Coriolis displacement ycor. By applying this
model, the effect of external vibrations €y0 on ycor can be compared
to the effect of flow _Φ, see Eq. (3).

This model is used to design a controller that meets the
objectives as defined in Section 1. In terms of the model variables,
these objectives can be described as follows. First the transmissi-
bility from €y0 to ycor is reshaped using a passive suspension and an
active feedback (first and second objectives):

TYcor ; €Y 0
ðsÞ ¼ YcorðsÞ

€Y 0ðsÞ
ð10Þ

Second, no interference with the flow measurement (third
objective) is realised by leaving the following transfer function

unchanged:

GYcor ;Fcor ðsÞ ¼
YcorðsÞ
FcorðsÞ

ð11Þ

In this study, three different configurations are considered:
(1) a reference model configuration, whereby the CMFM is con-
nected rigidly to the floor; (2) the case, whereby the CMFM is
passively suspended on the vibration isolator; and (3) the case in
which active vibration isolation is added to the passively sus-
pended CMFM. The passive and the active model have the same
physical parameters, as given in Table 1. Notice the ratio between
the masses m1 and m2; the mass of the Coriolis tube is small
compared to that of the casing mass.

3. Control design

In this section, it is explained how active vibration isolation
control can be used to improve the performance of a CMFM. In the
first subsection, a feedback controller design is proposed that
fulfils the first performance criterion. Second, an additional con-
troller is presented to damp the internal mode, fulfilling the
second and third criteria. In the final subsection the performance
of the designed controllers is discussed.

3.1. Reducing the transmissibility

Reconsider the model from Fig. 4. We will use acceleration
feedback, by measuring €y1, to reduce the transmissibility of
external vibrations to the platform. The following system has to
be controlled:

GplðsÞ ¼
€Y 1ðsÞ
FaðsÞ

¼ 1
m1

s2ðs2þ2ζωarsþω2
arÞ

ðs2þ2ζω1sþω2
1Þðs2þ2ζω2sþω2

2Þ
ð12Þ

GplðsÞ �
1
m1

s2

s2þ2ζω1sþω2
1

ð13Þ

where ω1 and ω2 are the resonance frequencies and ωar is the anti-
resonance frequency of the mass–spring system of Fig. 4. The
approximation in Eq. (13) is valid because m2{m1, see Table 1. In
that case, a pole/zero cancellation occurs because ω2 �ωar ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2=m2

p
, while ω1 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k1=m1

p
.

In Van Dijk (2009) a method is described to reduce the
transmissibility of external vibrations using a feedback control.
In this method, virtual mass and virtual skyhook damping are
added to m1. The effect of adding virtual mass is that the
suspension frequency is actively reduced, resulting in more vibra-
tion isolation in the region of interest. A virtual skyhook damper
adds damping to the suspension mode without affecting the
vibration isolation at high frequencies (Karnopp & Trikha, 1969).
A PI controller is used to add virtual mass by the proportional
(P) action and virtual skyhook damping by the integrating
(I) action (Van Dijk, 2009):

C1ðsÞ ¼
FaðsÞ
€Y 1ðsÞ

¼ � Kaþ
Kv

s

� �
ð14Þ

According to Van Dijk (2009), Ka and Kv are calculated as follows:

Ka ¼m1
f 2susp
f 2n

�1

 !
ð15Þ

Kv ¼ 2ζnm1
f susp
f n

ð2πf suspÞ ð16Þ

In these equations, fn is the desired closed loop suspension
frequency with relative damping ζn and f susp ¼ω1=2π ¼ 22 Hz is
the passive suspension frequency of the platform. The lower the

Fig. 4. Mass–spring model for active vibration isolation. External vibrations are
denoted by y0. The mass of the suspended platform including the CMFM casing is
represented by m1 and the suspension of the platform is formed by spring k1. The
Coriolis mode of the CMFM tube is represented by m2 and k2. Sensors are placed to
measure €y1 and ycor ¼ y2�y1. Force Fa represents the actuator.

Table 1
Model parameters for all presented configurations of mass-spring model given in
Fig. 4.

Model m1 d1 k1 m2 d2 k2
(kg) (Ns/m) (N/m) (kg) (Ns/m) (N/m)

Reference 1.2 1 1 5.2e�5 9e�6 3.6
Passive 6.5 20 1.25e5 5.2e�5 9e�6 3.6
Active 6.5 20 1.25e5 5.2e�5 9e�6 3.6
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value of fn, the greater the isolation. The achievable fn is limited to
14 Hz, due to closed loop stability limitations of the experimental
setup. Therefore, we set fn¼14 Hz with 70% skyhook damping
(ζn ¼ 0:7). The corresponding controller gains for C1ðsÞ are Ka¼9.6
and Kv¼1977. The attenuation at the actuation frequency of the
CMFM is approximated by:

T €Y 1 ; €Y 0
ðsÞ � ω2

1

s2þω2
1

-jattenuationj ¼ ω2
1

ω2
act

ðω2
actcω2

1Þ ð17Þ

This results in an attenuation at the actuation frequency of 24 dB
for the passive case with f susp ¼ 22 Hz. Adding active vibration
control, the attenuation becomes 32 dB, as shown in Fig. 6. In the
region of interest, the improvement is only 8 dB with respect to
passive isolation. The figure also shows that this controller has an
infinite bandwidth, because the plot of the active system is under
the plot of the passive system at all frequencies. Therefore, this
controller cannot be implemented in practice.

To improve the performance of the active system, three loop
shaping filters are added to C1ðsÞ. This results in an expression for
controller C2ðsÞ:

C2ðsÞ ¼
FaðsÞ
€Y 1ðsÞ

¼ C1ðsÞ
s2

s2þ2ζfωf sþω2
f|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

H1ðsÞ

ω2
r

s2þ2ζrωrsþω2
r|fflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflffl}

H2ðsÞ

sþωz

ωz|fflffl{zfflffl}
H3ðsÞ

ð18Þ

The term H1ðsÞ is a second-order high-pass filter at ωf ¼ 1 �
2π rad=s with ζf ¼ 0:7. This filter is used to cut off the integrating
action at low frequencies and to prevent actuator saturation. The
term H2ðsÞ is a second-order low-pass filter at ωr ¼ 87 � 2π rad=s
which is equal to the actuation frequency of the CMFM tube. This
low-pass filter limits the open-loop controller bandwidth, which is
necessary to prevent instability due to higher-order dynamics. The
relative damping of H2ðsÞ is set sufficiently low (ζr ¼ 0:07) such
that a resonance peak appears in the controller at 87 Hz. The
resonance peak strongly increases the controller action – and thus
the vibration isolation – in a narrow frequency band around ωr. In
our case, this narrow frequency band is designed such that
vibration isolation is increased in the region of interest, adding
1=ð2ζrÞ¼17 dB of extra attenuation. The term H3ðsÞ is a zero at
ωz ¼ 140 � 2π rad=s. For stability reasons this zero is added to
increase the phase margin at the high cross-over frequency, which
is the frequency where the loop gain GplðsÞC2ðsÞ is equal to 1. Bode
plots of the controllers C1 and C2 are depicted in Fig. 5.

The vibration isolation performance of the active system using
C2ðsÞ is also shown in Fig. 6. Compared with C1ðsÞ, controller C2ðsÞ
provides more vibration isolation in the region of interest because

of the poorly damped resonance filter in H2ðsÞ. Furthermore, it is
observed that the bandwidth is limited to 140 Hz, because at this
frequency the performance of the active system equals to that of
the passive system. Therefore, controller C2ðsÞ performs better
than C1ðsÞ.

3.2. Damping the Coriolis mode

Controller C2ðsÞ increases the vibration isolation in the region of
interest. However, the 39 Hz Coriolis mode of the tube is still
undamped, see Fig. 6; the internal mode is invisible for the
acceleration sensors because of a pole/zero cancellation, see
Eq. (13), because m1cm2. Although the Coriolis mode is outside
the region of interest, it must be damped to prevent that the tube
moves out of the sensor range. Moreover, the definition of the
region of interest is not very strict, so a high peak just outside this
region will still increase the sensitivity for external vibrations..
Therefore, a second controller Ccor(s) is added to the system that
damps the Coriolis mode of the tube. This is achieved by measur-
ing ycor and feeding this displacement back to Ccor(s). The output of
Ccor(s) is provided to the same actuators as used for C2ðsÞ. The
block scheme in Fig. 7 shows the resulting controller structure. In
this figure, Gpl(s) is given by Eq. (12), and Gcor(s) is given by:

GcorðsÞ ¼ YcorðsÞ
FaðsÞ

¼ �s2

m1ðs2þ2ζω1sþω2
1Þðs2þ2ζω2sþω2

2Þ
ð19Þ

Before Ccor(s) is designed, first the control loop for controller
C2ðsÞ is closed. The closed loop system including C2ðsÞ is then
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Fig. 5. Bode magnitude plot, showing the three different controllers.
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Region of Interest
No V.I.
Passive V.I.
Active V.I. C1(s)
Active V.I. C2(s)

100 101 102
-200

-180

-160

-140

-120

-100

-80

-60

-40

Fig. 6. Bode magnitude plot, showing the vibration isolation (VI) transmissibility in
the case of no VI, passive VI and active VI. The focus for VI is on the region of
interest, because the CMFM uses this frequency band to measure the mass flow, see
Eq. (5).
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Fig. 7. Structure of the combined control loop, formed by the Coriolis mode
damping controller Ccor(s) in combination with the previously designed controller
C2ðsÞ for reducing the transmissibility.
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considered as a new “open loop” plant Pcor(s) (see Fig. 7), for which
Ccor(s) is designed. Pcor(s) has the following expression:

PcorðsÞ ¼ 1
1þC2ðsÞGplðsÞ

GcorðsÞ ð20Þ

Conventionally, just a differentiating action (D-action) would
be used in Ccor(s) to damp the Coriolis mode in Pcor(s). Such a
D-action has a phase angle of þ901. However, the D-action is only
necessary in the frequency range around the Coriolis mode. At low
frequencies, the controller gain must be low to prevent stability
problems due to the suspension mode. To realize a controller
behaving like a D-action around the Coriolis mode, a second-order
high-pass filter for Ccor(s) is used. The filter frequency is ωl ¼ 39 �
2π rad=s and relative damping ζl ¼ 0:5. This type of controller is
also used in a positive position feedback (Preumont, 2011), which
is used to damp a specific mode in a system. The filter frequency is
set equal to the Coriolis frequency of the tube, such that at ωl the
phase angle is þ901. This high-pass filter limits the controller
action at low frequencies. At high frequencies, the controller gain
must be small to prevent stability problems caused by unmodelled
higher-order dynamics, therefore a single pole is added at 2ωl.
Furthermore, Ccor(s) may not influence the actuation mode at
87 Hz, because then the flow-induced Coriolis displacement at
87 Hz, which is used to measure the mass flow, is reduced by this
controller. To ensure that absolutely no control action is performed
at the actuation frequency (third objective), a notch filter will be
applied at the actuation frequency (87 Hz). Omitting the notch
filter results in an offset in the measurement value. The notch filter
frequency is made adaptive, so that it moves with the actuation
frequency, which is dependent on the density of the medium
flowing through the tube. This leads to the following design for
Ccor(s):

CcorðsÞ ¼ FaðsÞ
YcorðsÞ

¼ kp
s2

ðs2þ2ζlωlsþω2
l Þ

2ωl

sþ2ωl
NðsÞ ð21Þ

The controller gain kp ¼ 200� 103 is tuned such that the Coriolis
mode is damped without making the closed loop system unstable.
The term N(s) represents the adaptive notch filter. The controller is
depicted in Fig. 5.

3.3. Control performance

The modelled transmissibility of the active system with the
combined control loop is shown in Fig. 8. Compared to the active
system using only C2ðsÞ, the combined control loop damps the
resonance peak of the Coriolis mode with 40 dB, while the
performance is not negatively affected in the region of interest.

The combination of C2ðsÞ and Ccor(s) applied to Coriolis Mass-
Flow Meters results in a large attenuation of 49 dB at the actuation
frequency, without affecting the sensitivity for flow measure-
ments. Therefore, the control algorithm satisfies the stated objec-
tives and will be validated in the next section.

4. Experimental results

In this section, the model results are validated using the
experimental setup, which was described in Section 2.2. First,
the influence of external vibrations on a Coriolis displacement is
validated. Second, the effect of vibration isolation on a mass-flow
measurement with and without a mass-flow is shown.

4.1. Model validation

The frequency response from floor acceleration €y0 to Coriolis
displacement ycor is measured to validate the transmissibilities

from Fig. 8, using the setup described in Section 2.2. The experi-
mental results are shown in Fig. 9. The measurements show a good
agreement with the modelled results in Fig. 8 for the mid-
frequency range. At low and high frequencies (o5 Hz and
4200 Hz), the measurements become noisy because the Coriolis
displacement is too low to be measured by the optical sensors and
at these frequencies there is no disturbance provided to the floor
plate. When only passive vibration isolation is used, the poorly
damped suspension mode of the platform at 22 Hz is clearly
visible. Compared to the non-isolated case, passive vibration
isolation adds 20 dB attenuation in the area of interest. In the
case of active vibration isolation with controller C2ðsÞ, the suspen-
sion mode is damped and reduced to 14 Hz. Active vibration
isolation results in 46 dB attenuation of vibrations around the
actuation frequency, compared to the non-isolated case. Using the
combined control loop, the resonance peak of the Coriolis mode at
42 Hz has been dropped by 40 dB, while keeping the 46 dB
attenuation in the region of interest.

A large difference is the resonance frequency at 188 Hz. This is a
higher order mode of the system, which is not included in the
mass–spring model (Fig. 4). Small differences between the mod-
elled and the measured transmissibility are also visible. In the case
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Fig. 8. Compared to the previously designed active vibration isolation system using
C2ðsÞ, the combined control loop also damps the Coriolis mode in the
transmissibility.
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Region of Interest
No VI
Passive VI
Active VI C2(s)
Active VI C2(s) Ccor(s)

100 101 102
-200

-180

-160

-140

-120

-100

-80

-60

-40

Fig. 9. Experimental validation of the modelled transmissibilities as shown in
Fig. 8.
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of active vibration isolation, an additional peak shows up at
150 Hz. This peak is caused by the induction poles of the voice
coil actuators, which decrease the phase margin at the cross-over
frequency. At 30 Hz, a platform suspension mode in another
direction is visible as a dip in the transfer function. At 60 Hz, a
pole/zero cancellation shows up, which is caused by the in-plane
mode of the flow tube. At the actuation mode at 87 Hz, a pole/zero
cancellation also occurs because of a small misalignment of the
optic sensors. Neither of these differences are expected to affect
the performance significantly. This will be shown in the next
subsection.

4.2. Influence of external vibrations on the mass-flow measurement

In this subsection, the impact of reducing the transmissibility
Tycor ; €y0

on the measurement value Δϕ is shown. For a broadband
external disturbance, the influence of each frequency adds up in
the cumulative RMS measurement value σΔϕ of a CMFM measure-
ment; see Eq. (7). In Fig. 10, the Power Spectral Density (PSD) of
several disturbance levels for the performed experiments are
given. To indicate the level of those disturbances, Vibration
Criterion (VC) curves (Gordon, 1992) are added. The VC-curves
are meant as upper bounds for the peaks in the floor vibration
spectrum. For disturbance 1, only the background vibration level of
the setup is used. For disturbance levels 2 and 3, the input is
shaped to achieve a flat disturbance between 10 and 100 Hz with
PSD levels of 10�5 and 10�4 (m/s2)2/Hz respectively, provided by
the piezo shakers of the setup. Those levels are chosen for easy
comparison of different CMFM instruments and the bandwidth is
chosen such that it contains both the Coriolis and the actuation
frequency. The resulting RMS error is given in Table 2.

The transmissibility Tycor ; €y0
is different for each of the four

different configurations (reference, passive and active with and
without Coriolis mode damping), and the model claims an
attenuation of 24 dB and 49 dB for the passive and the active
configuration, respectively, by the same disturbance input for
frequencies around the actuation frequency, see Fig. 8. In Table 2
it is shown that for disturbance 1: the influence reduces for the
passive and active configurations with 8.8 dB with respect to the
reference configuration. The reduction is limited, because the
value, 0.36 rad, is the lower limit due to the measurement noise
of the displacement sensors, independent of external vibrations.
For disturbance 2, the influence reduces for the passive case with
21 dB and with active vibration isolation with 33 dB. For the
passive configuration, the reduction is as expected, but for the

active case the reduction is still limited, because of the lower limit
due to measurement noise. For disturbance 3, the influence
reduces for both configurations with 22 and 38 dB. The result is
close to the expected values from the validation described in
Section 4.1.

Adding extra damping to the Coriolis mode to prevent non-
linear behaviour due to large tube-displacements is only expected
to be effective for large external vibrations. Disturbance 3 is not
large enough to demonstrate this effect. Due to limitations in the
setup, a higher disturbance level (see Fig. 10) is unachievable.
Therefore, the effect of the second objective cannot be proved for
this controller design, but there is an attenuation gain of 2 dB
achieved by damping the Coriolis mode.

The third objective requires that vibration isolation does not
affect the mass-flow measurement. Therefore the RMS noise levels
are compared for the various disturbance levels when a fluid (air)
is also flowing through the CMFM. The results for a 0/30/100% flow
level are also given in Table 2. A 100% flow is a flow resulting in a
1 bar pressure drop over the CMFM. Comparing all the data, it is
concluded that vibration isolation has no significant influence on
the mean value of the flow measurement. Furthermore, it can be
concluded that there is a minimal influence on the RMS level of
the flow measurement value. Therefore, the active vibration
isolation does not affect proper mass-flow measurements of
the CMFM.

5. Discussion

In this section, the significance of the results of the presented
work is discussed. First, the limitations of the feedback control
system are discussed. Second, the implementation of active vibra-
tion isolation into a commercial CMFM design is considered.

5.1. Limitations

The presented values are dependent on the tube-window
design and filter characteristics of the reference instrument used,
but they give a realistic indication of the achievable performance.
Compared to the reference system, the broadband external dis-
turbances can be increased by 40 dB before they influence the
measurement value of the actively suspended CMFM.

The minimum noise level of the measurement value is depen-
dent on the noise levels of the tube displacement sensors. The
minimum measurement noise level cannot be reduced by active
vibration isolation, but only by improving the specifications of the
tube displacement sensors, which is beyond the scope of this study.

Based on the transmissibility function, the attenuation at the
actuation frequency is 49 dB, but the reduction in the measure-
ment value is only 40 dB as a result of the width of the measure-
ment filter. The transmissibility function needs to be lowered over
a wider bandwidth (e.g. by adjusting the second-order low-pass
filter in C2ðsÞ (Eq. (18))). Furthermore, the performance is limited
due to the limited bandwidth of the feedback control, which is due
to the higher-order dynamics of the experimental setup. There-
fore, the suspension frequency cannot be reduced to values lower
than 14 Hz. However, by improving the experimental setup, the
performance can be improved.

The presented control algorithm design is only one-directional.
Although external disturbances can occur in all translational and
rotational directions, there is no limitation, because in Van De
Ridder et al. (2014) it is concluded that there is only one dominant
direction in which a translation disturbance has an effect on the
mass-flow measurement value. This means that the sensitivity for
external vibrations, occurring in all directions, can be sufficiently
reduced by applying active vibration isolation in only one
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direction. However, a limitation of this approach is that the
acceleration measurement orientation needs to be precise in the
dominant direction. Also a passively isolated design can perform
worse than the reference design, because of the increased gain
around the suspension frequency in the transmissibility function.

5.2. Implementation

Using the shaker setup (Fig. 3), including a reference CMFM,
allowed fast validation of the approach, but increases the total cost,
the size and the weight of a flow measurement instrument
enormously. With only one active direction, the number of actua-
tors and sensors can be reduced and the dimensions of the platform
can be minimised. It is yet unknown whether any scaling effects
will occur when reducing the size. For example, with the current
mass-ratio of the tube and platform, the internal tube-window
actuator and a fluid flow have a minimal effect on the platform
displacement. However, this will not necessarily be the case for a
miniaturised setup, and will be subject of future research.

6. Conclusions

An active vibration isolation strategy for reducing the influence
of external vibrations on a Coriolis Mass Flow Meter (CMFM)
measurement was presented. The active vibration isolation control
results in 40 dB reduction of the influence of external vibrations,
without affecting the mass-flow measurement.

A suspension was added to the CMFM to obtain passive
isolation, attenuating the effect of high-frequency disturbances.
Parasitic stiffness and high internal stresses of the fluid-conveying
connection-tubes limit the passive suspension frequency and thus
the passive vibration isolation performance. The transmissibility of
external vibrations is reduced further actively in the region of
interest by acceleration feedback. A PI-controller is implemented
to lower the suspension frequency and to add skyhook damping.
Furthermore, the poorly damped internal mode is damped using a
positive position feedback of the internal deformation. These
known vibration isolation strategies are adapted and tuned for
the CMFM. The roll-off of the acceleration feedback is tuned such
that additional suppression is obtained in the region of interest.
Furthermore a notch filter is included in the positive position
feedback loop to remove its effect on the flow measurement.

The model results are validated by mounting a CMFM on a six
degrees-of-freedom platform with six actuators and accelerometers,
thus creating an active suspension mode. Experimental results agree
with the modelled results, both (1) for the transmissibility of
external vibrations to the internal deformation and (2) broadband
disturbances on the CMFM measurement value. The integrated

mechanical design of the instrument with active vibration isolation
will be a subject of future research.
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